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Copper(I) catalyzed azide alkyne cycloaddition (CuAAC) is a powerful tool that 
allows for diverse functionalization from azide and alkyne precursors.  This research 
probed the kinetics of the CuAAC reaction in- and between- lipid membranes, as well as 
used it to modify SU-8 and flexible PVC polymers post-polymerization while maintain key 
polymer properties.  These applications make click chemistry relevant to materials in new 
ways and will allow for the derivatization of these materials that is limited only by the 
user’s creativity. 
To study the CuAAC reaction in and between membranes, this research sought to 
answer two key questions:  1) Are the kinetics of the CuAAC reaction in-membrane 
comparable to the reaction in solution and 2) Is CuAAC reactivity similar to other reactivity 
that has been observed between membranes, like that of Menger and co-workers?  Through 
this research it was determined that the reaction was comparable to the reaction in solution 
in that the rate order was approximately first order with respect to azide and alkyne and 
approximately second order with respect to the copper-ligand complex.  Additionally, 
reactivity was observed between vesicles with no signs of aggregation, and for fluid lipid 
systems the intravesicular reaction was significantly faster than the intervesicular reaction, 
similar to the work of Menger et. al.; this suggests that similar to Menger, lipid transfer 
between vesicles is likely occurring prior to CuAAC. 
In the interests of devising hospital tubing that either kills bacteria on contact or 
reduces bacterial adhesion, hospital-grade endotracheal tubing and catheter tubing made of 
flexible polyvinyl chloride (PVC) was subjected to azidation with the aid of a phase 
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transfer catalyst and subsequent CuAAC, which allowed for diverse functionalization.  
During azidation and CuAAC, tubing samples became discolored, measurably harder 
(although still deformable), and in some situations cracked, although these side effects 
could be mitigated through a decreased reaction time, choice of phase transfer catalyst, and 
decreased reaction temperature. Another small nucleophile, cyanide, was also substituted 
onto the PVC, which suggests that this methodology of substituting PVC with the aid of a 
phase transfer catalyst is applicable to other small nucleophiles.  This work allows for the 
diverse functionalization of flexible PVC tubing, useful for work to reduce biofouling and 
limit bacterial contamination of surfaces. 
SU-8 is a negative photoresist used for electronics and microelectromechanical 
systems and there has been interest in the past few years of making this surface chemically 
addressable.  This research sought to make the SU-8 surface directly accessible via click 
chemistry.  Following photo-crosslinking of the SU-8 polymer, the remaining surface 
exposed epoxides were azidated and subsequently clicked with a variety of alkynes 
including an alkyne quaternary ammonium cation, an alkyne TAMRA dye, and an alkyne 
clickable initiator (that was then subject to ATRP conditions with methyl methacrylate or 
4-vinyl pyridine).  Resultant surfaces were demonstrated to be biocompatible and the 
surface decorated with the quaternary ammonium cation was shown to have bactericidal 
effects against E. coli DH5α. This work allows for the direct functionalization for the SU-
8 polymer and is applicable to applications including electronics and sensors. 
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CHAPTER 1. INTRODUCTION 
1.1 An Introduction to Click Chemistry 
1.1.1 Origins 
The term ‘click chemistry’ is used to denote reactions that are modular, wide-in-
scope, high-yielding, produce inoffensive byproducts, are stereospecific, that can be 
performed in simple reaction conditions with readily available reagents, in a solvent that is 
easily removed or benign, with simple product isolation.1  This class of reactions is broad, 
including nucleophilic opening of “spring-loaded” rings and cycloaddition reactions,  but 
of particular note is the copper(I)-catalyzed azide alkyne cycloaddition reaction (CuAAC), 
in which an azide and a terminal alkyne form a regioselective 1,4-disubstituted-1,2,3-
triazole, as depicted in Figure 1.2,3,4 
 
Figure 1.  Scheme for copper(I)-catalyzed azide alkyne cycloaddition reaction. 
These reactions were first reported in the early 2000’s1,3 and have since become ubiquitous 
to synthetic chemistry and a key tool of drug discovery and chemical biology, as they 





While appearing similar in reagents to Huisgen azide-alkyne 1,3-dipole addition,5 
the presence of copper(I) salts or copper(II) salts and a reducing agent (e.g., sodium 
ascorbate) enables regioselectivity, a lower reaction temperature, as well as much faster 
kinetics (approximately 106 times faster than without copper).6,7 Current understanding of 
the reaction mechanism is that the reaction proceeds via the coordination of two-copper 
atoms to the alkyne for activation, followed by a cyclic addition, which gives rise to solely 
the 1,4-disubstituted product as depicted in Figure 2,4 whereas the Huisgen reaction 
(without copper, but with heat) also produces the 1,5-disbustituted product.  
 
Figure 2.  Current understanding of the CuAAC reaction mechanism, as detailed by 
Worrell et. al.4 
Copper-chelating ligands, often polytriazoles or benzimidazole-based, can 
drastically accelerate the CuAAC reaction8,9 by stabilizing the copper in its +1 oxidation 
state (limiting oxidation and disproportionation) and enhancing its catalytic efficiency.10  
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Examples of ligands that accelerate the CuAAC reaction (by no means an exhaustive list) 
can be found in Figure 3.   
 
Figure 3.  Example ligands to accelerate the CuAAC reaction. 
 
1.1.3 Applications 
Click chemistry has applications in a diverse range of fields, including 
bioconjugation,10 dendrimer synthesis,11,12,13 combinatorial science and drug 
discovery,14,15,16 polymer ligation,17,18,19,20 and surface science.21,22,23,24  For each of these 
applications, a number of parameters can be altered to optimize the CuAAC reaction, 
including concentration of reagents, copper(I) source, choice of ligand, concentrations of 
copper(I) and ligand, and solvent choice.25,26  The integration of CuAAC allows for diverse 
functionalization from relatively easily obtained (and often commercially available) 
precursors. 
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1.2 Introduction to Click Chemistry on Surfaces 
In order to introduce clickable functionalities (azides and alkynes) to assembled 
materials surfaces, the functional moieties can either be introduced pre- or post- assembly.  
For lipid assemblies, incorporation of azide and alkyne functional groups is nearly always 
performed on the individual lipids before vesicle, micelle, or supported bilayer formation, 
due in part to the challenge of chemically addressing lipids once assembled and the 
tendency of some synthetic lipid systems to aggregate in undesirable ways over time.  In 
the literature, for polymers, a number of examples of pre-polymerization incorporation can 
be found, which make azides or alkynes a part of the monomer for a broad range of 
materials including poly(3,4-ethylenedioxythiophene) (PEDOT), polyurethane, and SU-
8.27,28,29 Post-polymerization functionalization is somewhat more rare in the literature for 
a number of reasons.  First, it requires that there be some sort of moiety available on the 
polymer surface that can be manipulated to incorporate the azide or alkyne functional 
group.  Secondly, it requires there be a means by which to modify the moiety that does not 
harm the polymer or substrate and allows it to maintain its desired material properties.  
Finally, it requires that the moiety be present in a significant enough amount on the surface 
to effect enough of a change for both function (as desired) and for analysis to confirm 
subsequent modification.  Examples of this in the literature include modifications of 
polymethyl methacrylate (PMMA) and PVC.30,31  More methods to incorporate azide or 
alkyne functional groups post-polymerization could provide more tools for the polymer 
chemist or materials engineer to specifically tailor materials as desired. 
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1.3 Introduction to instrumentation and methodologies 
Detailed here are the technologies used to complete research for this thesis, including 
some of the key parameters used, how relevant signals present, and the challenges 
encountered.   
1.3.1 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy is a technique used to analyse materials that 
provides information about composition and structure.  In particular, it was used for this 
research to provide a means of surface elemental analysis and to confirm and understand 
surface modifications made to polymers. 
1.3.1.1 Key parameters and challenges 
Under x-ray energy for XPS, some functional groups of interest degrade, which can 
challenge analysis.  Of particular interest, azides degrade over time under x-ray energy,32 
thus to mitigate this, the number of scans was limited for survey and nitrogen spectra.  1-
H tetrazoles have been reported to be unstable to XPS analysis, and indeed, increased 
pressure was observed in the instrument upon XPS analysis of suspected tetrazoles (Section 
3.4.4); thus, some samples are unable to be analyzed via XPS. 
1.3.1.2 Relevant signals of note 
Beyond standard elemental signals that indicate the presence of a particular atom, 
azides exhibit a characteristic double-peak XPS spectrum within the nitrogen region, with 
an integration for the peaks of 2:1. This characteristic peak degrades over time under x-
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ray, and once the azide is subject to a CuAAC reaction to form a 1,2,3-triazole, the double 
peak is no longer present, and instead presents as one peak.32  
Carbon XPS can also be useful in evaluating modification of surfaces and materials.  
Carbonyls and esters exhibit shifted peaks (~288 eV, as compared to the typical carbon 
285), and when present in combination with aliphatic, aromatic, or other carbon groups, 
can appear as nonsymmetrical overlapping peaks.33  
1.3.2 Variable-Pressure Scanning Electron Microscopy (VP-SEM) 
Variable pressure scanning electron microscopy was used for this research to 
qualitatively evaluate modified surfaces, which included looking for surface 
inhomogeneity, cracking, and deformation at a microscopic level. 
1.3.2.1 How the technology works 
Scanning Electron Microscopy uses a focused electron beam to produce high 
resolution images of a surface.  As an accelerating voltage is applied, electrons interact 
with the surface, to create secondary electrons, backscattered electrons, and x-rays, which 
are collected by detectors to provide information about the surface.  Factors that influence 
the signal output include the applied voltage, the probe current, as well as the particular 
sample.  In typical SEM, a surface needs to be conductive in order to be able to produce a 
good image; in VP-SEM, however, the instrument is run under less of a vacuum, which 
allows for non-conductive surfaces to be imaged.  This alleviates the need to spin coat a 
surface with a conductive metal before use.34 
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1.3.2.2 Key parameters and challenges 
For a number of surfaces under VP-SEM, analysis can negatively impact the 
surface.  As VP-SEM samples are not spin-coated with metal as are typical SEM samples, 
the surface itself can degrade which can become evident as either noted differences 
between areas previous scanned and areas not previously scanned (often appearing as an 
outline of the previous viewing area), or by the development of additional surface cracking 
over time.  To minimize this, parameters including probe current, accelerating voltage, and 
working distance can be altered. 
Additionally, at times charges can build up on surfaces, which leads to poor image 
quality, as indicated by aberrant lines appearing on scans and images that are not a part of 
the actual surface.  To reduce this charging, copper tape as a bridge between the surface 
and the metal sample plate can be used to direct a charge away from the material surface 
or the vacuum being applied to the analysis chamber can be reduced, although this can lead 
to a loss of resolution. 
1.3.3 Contact Angle Measurement 
The measurement of a surface’s contact angle provides information as to the 
relative hydrophobicity (or hydrophilicity) of a surface.  This is done by placing a small 
drop of water (kept consistent between samples) on the material surface, then using a high 
resolution camera to image the water-surface interface.  Software then measures the angle 
at which the water contacts the surface.  In general, these images need to be taken quickly 
to limit spreading that may change the contact angle over time. 
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1.3.3.1 Key parameters and challenges 
For measuring contact angles on curved or inhomogeneous surfaces, it is important 
that the samples be flattened as possible within the camera view-frame and that a number 
of measurements are taken across the surface to insure the measurements are 
representative.  It also must be noted that measurements should be taken at different 
locations on a surface, as once the surface is pre-wet from another drop, the contact angle 
of that point again will differ from the original measurement until it has completely dried. 
1.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 
1.3.4.1 Key parameters and challenges 
In general, terminal alkynes on high resolution instruments exhibit a triplet chemical shift, 
with a small coupling constant (J = 1 or 2).  1,5-disubstituted-1,2,3-triazoles exhibit a 
chemical shift of ~8.2 ppm for the triazole proton.  Perfluorocompounds often are not 
analysed by carbon NMR, as fluorine splits the carbon signals. 
1.3.5 Infrared (IR) Spectroscopy 
1.3.5.1 Key parameters and challenges 
Peaks relevant to works detailed in this document are the azide stretch (strong, ~2100 cm-
1), cyano stretch (weak, ~2200 cm-1), and chloride stretch (medium, ~610 cm-1).  
Challenges to using IR include the need for complete contact of solid samples with the 
attenuated total reflectance (ATR) single crystal, which makes it difficult to analyse 
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samples deposited on glass surfaces, or samples that are not easily crushed or deformed 
with the application of modest force. 
1.3.6 Working with azide 
As a matter of safety, a number of precautions were taken in working with azides.  Namely, 
sodium azide was kept from metal and from coming into contact with acid.  Azide was 
quenched following use by the procedure detailed by Presolski, Hong, Cho, and Finn, 
whereby solutions of azide in a large volume of water were first treated with sodium nitrite, 
then slowly acidified in dilute solution until a drop of the solution on starch-iodide paper 
appeared purple.6  
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CHAPTER 2. KINETICS OF COPPER(I) AZIDE ALKYNE 
CYCLOADDITION WITHIN AND AMONG LIPID BILAYERS  
2.1 Abstract 
The kinetics of copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) were 
evaluated for the reactions of membrane-bound reagents.  The kinetic order of the CuAAC 
reaction was the same as for reagents free in solution.  For reactions between vesicles, in a 
limited fluidity environment, reactions took place with no aggregation or change in vesicle 
size, which suggests the transfer of lipids from one vesicle to another occurs before the 
ligation, presumably because the intravesicular reaction is significantly faster than the 
intervesicular reaction.  A membrane-bound copper-binding ligand showed mild 
acceleration over the reaction without a copper-binding ligand; however, the copper-
binding ligand in solution provided the best reaction acceleration for membrane-bound 
lipid substrates.  This work provides the basic framework to understand CuAAC with 
membrane-bound substrates. 
2.2 Introduction to reactions in and between lipid membranes 
Lipids are necessary for biological systems, as they provide a means of molecular 
compartmentalization in cells and are involved in cell signaling processes.  The physical 
properties of lipid membranes are of great importance and have strong effects on cellular 
trafficking and nutrition.35 The ability to modify membrane components and properties in 
a controlled manner is therefore desirable, and so the role of lipid bilayers as an 
environment for chemical reactions is of fundamental and applied interest.   
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Membrane fluidity is also an important regulated property in cells as, for example, 
in lipid raft microdomains.36 Lipids near membrane-bound proteins can have widely 
varying fluidity, from highly disordered (liquid-like) phases for membrane proteins 
anchored by alpha helices, to highly ordered (solid-like) phases for membrane proteins in 
which anchored domains show hydrophobic phase matching.37  The definitive biological 
roles of gel-phase and liquid-ordered phase lipids has yet to be elucidated,38 yet further 
investigations into reactivity and membrane properties of these systems may shed light on 
the ability of differing lipid phases to control and facilitate biological processes.  
 The consequences of constraining lipophilic reactants in a two-dimensional bilayer 
have been studied in a variety of ways.  Menger and coworkers studied membrane-
anchored cholesterol-based nucleophiles and electrophiles, and found for fluid POPC 
membranes that initial rates of intravesicular reactions were more than 300 times faster 
than the corresponding intervesicular reaction. Thus, lipid movement within such a bilayer 
induced many more successful nucleophile-electrophile interactions than vesicular 
collision.39 This system was also found to undergo facile transfer of lipid molecules 
between colliding membranes,40 a process that has been explored by many investigators 
and is known to be influenced by several factors including local geometric constraints at 
the collision site,41,42 electrostatic interactions between vesicles,43 and protein facilitation.44  
2.3 An Introduction to Click Chemistry with Lipids 
Given its use in a wide variety of reactions with biomolecules, including its use on 
lipids and lipid-anchored compounds in cells incorporated by metabolic labeling,45 we 
chose to study the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction in the 
context of lipid membranes. In solution, the CuAAC reaction exhibits complex,4 yet well-
 12 
defined kinetics,46 which can be accelerated through use of a Cu(I)-binding ligand.26  
Several studies have employed azide-alkyne cycloaddition reactions of various types for 
lipid substrates and membrane-bound components.  Alkyne-modifed lipids have been used 
with CuAAC as a tool for evaluating lipid-modifying enzymes.47  Photocrosslinkable 
azide-modified lipids have been used to study protein-lipid interactions in mitochondrial 
inner membrane vesicles,48 and strain-promoted azide-alkyne cycloaddition has been 
employed to allow for dynamic cellular imaging.49 Because of their utility and 
bioorthogonal nature, azide and alkyne modified lipids are commercially available. The 
pairing of CuAAC with alkyne and azide lipid substrates can provide a powerful means to 
probe biological systems by covalently labeling target membranes and membrane leaflets, 
as other means of labeling lipids directly has proven difficult given the small size of the 
lipids and the often large size of the fluorescent probes.50   
We describe here an exploration of the rates of CuAAC reactions with lipid-
anchored substrates and catalysts in an effort to develop a clear picture of the kinetic 
consequences of lipid-phase reactivity.  This work follows the creative assembly by 
Deveraj and coworkers of hyrophobic azide and alkyne components into membrane-
sustaining lipids by membrane-embedded CuAAC catalysts.51  Figure 4 depicts some of 
the lipid constructs that have been created for CuAAC. 
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Figure 4.  Lipids systems devised for CuAAC from the literature or commercially 
available. 
With the use of these azide and alkyne lipids, however, there has been no thorough 
investigation of kinetics for CuAAC within a lipid membrane, or between lipid membranes.  
This research asks, ‘What are the kinetics of CuAAC in and between lipid membrane 
systems, and how does this compare with other reactions between membrane-bound lipids 
or CuAAC in three-dimensions?’  Once clicked, this research also evaluated how CuAAC 
altered membrane properties, including vesicle size and charge.  It was anticipated that 
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CuAAC kinetics in the lipid phase would be similar to that of the CuAAC reaction in 
solution, that the lipid ligand would accelerate the CuAAC reaction similar to the work of 
Deveraj et. al., and that the reactions in and between vesicles would exhibit behavior 
similar to that observed by Menger and coworkers.    
2.4 Experimental 
2.4.1 Zeta Potential Measurements 
Zeta potential measurements were performed on a Malvern Zetasizer instrument.  
For each sample, 1 mL of the lipid solution was placed in the cuvette such that the solution 
touched both electrodes.  Measurements were taken both before and after CuAAC for each 
combination of vesicles. 
2.4.2 Dynamic Light Scattering (DLS) 
DLS was performed on a Wyatt Dynapro plate reader dynamic light scattering 
instrument.  For all samples, care was taken to minimize micelle creation, which was 
mitigated through extensive sonication, limited membrane fluidity (micelles were always 
present when incorporation of the lyso-like lipids was attempted with a fully Egg-PC 
system, so a limited amount of fluidity was obtained by mixing a small amount of DOPC 
with a predominantly DPPC system), and thorough centrifugation where the very top-most 
part of the supernatant was discarded.  Micelles display on DLS as particles between 5 and 
10 nm radius, whereas small unilamellar vesicles created by this process range from 30 to 
60 nm radius. 
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2.4.3 Synthesis of lipid compounds 
Unless otherwise noted, all reagents were purchased from commercial suppliers.  
DOPC and DPPC were purchased from Avanti Polar Lipids. 
2.4.3.1 Synthesis of 3-azido-2-oxo-2H-chromen-7-yl-2-(octadecylamino)acetate 
 
Figure 5.  Synthesis of 3-azido-2-oxo-2H-chromen-7-yl-2-(octadecylamino)acetate 
7-hydroxy-3-azidocoumarin was synthesized as described by Sivakumar et al.52   7-
hydroxy-3-azidocoumarin (20 mg, 0.098 mmol, 1 equiv.) and triethylamine (41 μL, 0.3 
mmol, 3 equiv.) were stirred in dichloromethane at room temperature in the dark for 5 
minutes before chloroacetyl chloride (16 μL, 0.196 mmol, 2 equiv.) was added. This was 
stirred without light for 10 minutes, at which point stearylamine (53 mg, 0.196 mmol, 2 
equiv.) was added. This was stirred for 1 hour at room temperature and purified by 
medium-pressure chromatography over silica gel (Biotage Isolera) with hexane/ethyl 
acetate gradient (Rf = 0.28 for 1:5 EtOAc/Hex). The product was obtained as a yellow solid 
with 13% yield and was extremely photosensitive, especially when dissolved in 
halogenated solvents. 
1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.91 (t, 3H, J= 7 Hz), 1.28 (m, 24H), 1.58 (t, 2H, J= 
7 Hz), 3.33 (q, 2H, J= 7 Hz), 4.09 (s, 2H), 4.36 (s, 1H), 6.62 (s,1H), 6.58 (m, 1H), 7.19 (s, 
1H), 7.32 (d, 1H, J= 8 Hz).  
 16 
 
Figure 6.  1H-NMR spectrum for 3-azido-2-oxo-2H-chromen-7-yl-2-
(octadecylamino)acetate 
IR (cm-1): 3289 (secondary amine), 2138 (azide), 1697 (carbonyl), 1642 (carbonyl). 
2.4.3.2 Synthesis of N-(prop-2-yn-1-yl)octadecan-1-amine 
 
Figure 7.  Synthesis of N-(prop-2-yn-1-yl)octadecan-1-amine 
Stearylamine (50 mg, 0.186 mmol, 1 equiv.) and potassium tert-butoxide (62 mg, 
0.557 mmol, 3 equiv.) were combined in DMF (8 mL). The system was purged with 
nitrogen and heated to 40 °C. Propargyl bromide (18 μL, 0.204 mmol, 1.1 equiv) was added 
and the solution was stirred overnight at 40 °C. The reaction was quenched with water and 
extracted with dichloromethane. The solution was dried over sodium sulfate. Solvent was 
removed by rotary evaporation with toluene azeotrope to yield a yellow powder and the 
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compound was purified via flash chromatography over silica gel with a hexane/ethyl 
acetate gradient (Rf = 0.87 for 1:1 EtOAc/Hex). The product was obtained with 56% yield. 
1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.90 (t, 3H, J = 7 Hz), 1.28 (m, 26H), 1.53 (p, 2H, 
J= 7 Hz), 2.28 (t, 1H, J= 2 Hz), 2.60 (t, 2H, J= 7 Hz), 3.51 (d, 2H, J = 2 Hz).  
 
Figure 8.  1H-NMR spectrum for N-(prop-2-yn-1-yl)octadecan-1-amine 
13C-NMR (CDCl3, 500 MHz) δ(ppm) 13.9, 22.5, 26.9, 27.1, 29.2, 29.5, 31.8, 41.9, 52.8, 
73.5.   
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Figure 9.  13C-NMR spectrum for N-(prop-2-yn-1-yl)octadecan-1-amine 
Mass Spec: (M + K+) 346.50.  
IR (cm-1): 3290 (alkyne), 3120 (secondary amine), and 2120 (terminal alkyne). 
2.4.3.3 Synthesis of 1-azidohexadecane 
 
Figure 10.  Synthesis of 1-azidohexadecane. 
1-bromohexadecane (4.4 mL, 14.4 mmol, 1 equiv.) and sodium azide (1.88 g, 28.8 
mmol, 2 equiv.) were combined in DMF and heated to 50 °C for 24 h.  After cooling, 
solvent was removed via rotary evaporation with toluene azeotrope.  The product was 
dissolved in dicholoromethane and washed three times with water.  The product was 
purified by flash chromatography over silica gel and eluted with 100% hexanes.  Column 
fractions were checked via TLC after dunking in a triphenylphosphine solution in DCM, 
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followed by a ninhydrin solution and heating to yield purple spots on the silica.  The 
product was obtained as a clear liquid following removal of hexanes by rotary evaporation, 
in quantitative yield. 
1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.91 (t, 3H, J = 7Hz), 1.31 (m, 26H), 1.63 (p, 2H, J 
= 7 Hz), 3.28 (t, 2H, J = 7 Hz).   
 
Figure 11.  1H-NMR spectrum for 1-azidohexadecane. 
13C-NMR (CDCl3, 500 MHz) δ(ppm) 13.9, 22.5, 26.6, 29.0, 29.5 (m), 31.8, 51.3.   
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Figure 12.  13C-NMR spectrum for 1-azidohexadecane 
 IR (cm-1):  2093 (azide). 
 
Figure 13.  IR spectrum for 1-azidohexadecane 
2.4.3.4 Synthesis of tris((1-hexadecyl-1H-1,2,3,-triazol-4-yl)methyl)amine 
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Figure 14.  Reaction scheme for synthesis of tris((1-hexadecyl-1H-1,2,3,-triazol-4-
yl)methyl)amine 
Based on synthesis by Soriano del Amo et. al.,53 tripropargylamine (324 μL, 2.29 
mmol, 1 equiv.), 1-azidohexadecane (2.1 g, 7.89 mmol, 3.45 equiv.), copper(I) acetate (63 
mg, .33 mmol, 0.15 equiv.), and sodium ascorbate (273 mg, 1.38 mmol, 0.6 equiv.) were 
combined in dry THF in a 20 mL scintillation vial.  This vial was sealed under argon, 
parafilmed, and heated to 60 °C overnight while stirring.  After removing from heat, this 
was placed in an ice bath and filtered.  The solid was rinsed with excess cold THF and 
further recrystallized in THF to produce an off-white solid with 77% yield. 
1H-NMR (CDCl3, 500 MHz): δ (ppm) 0.91 (t, 9H, J = 7 Hz), 1.34 (m, 78H), 1.95 (br. s, 
6H), 3.77 (br. s, 6H), 4.38 (br. s, 6H), 7.81 (br. s, 3H).   
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Figure 15.  NMR spectrum for tris((1-hexadecyl-1H-1,2,3,-triazol-4-
yl)methyl)amine. 
Mass Spec: (M + H+) 934.75. 
IR (cm-1):  3131 (C-H in triazole). 
 
Figure 16.  IR spectrum for tris((1-hexadecyl-1H-1,2,3,-triazol-4-yl)methyl)amine. 
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2.4.3.5 Synthesis of 6-(4-((octadecylamino)methyl)-1H-1,2,3-triazol-1-yl)-7-oxo-7,8-
dihydronaphthalen-2-yl octadecylglycinate 
 
Figure 17.  Reaction scheme for 6-(4-((octadecylamino)methyl)-1H-1,2,3-triazol-1-
yl)-7-oxo-7,8-dihydronaphthalen-2-yl octadecylglycinate. 
3-azido-2-oxo-2H-chromen-7-yl-2-(octadecylamino)acetate (10 mg, 0.019 mmol, 
1 equiv.) and N-(prop-2-yn-1-yl)octadecan-1-amine (16 mg, 0.057 mmol, 3 equiv.) were 
combined in 10 mL chloroform with (PPh3)2CuOAc (5 mg, 0.007 mmol, 0.25 equiv.).  This 
reaction was shielded from light and reacted at room temperature for 3 hours.  The solvent 
was removed by rotary evaporation.  Following a preparatory TLC with 3:20 ethyl acetate 
/ hexanes, the product was obtained as a co-eluent mixture with unreacted 3-azido-2-oxo-
2H-chromen-7-yl-2-(octadecylamino)acetate to yield 5.5 mg of a product that contained 
24% of the formed triazole (evaluated by NMR integration).  This was incorporated into 




Figure 18.  NMR spectrum for 6-(4-((octadecylamino)methyl)-1H-1,2,3-triazol-1-yl)-
7-oxo-7,8-dihydronaphthalen-2-yl octadecylglycinate, with calibration peaks (for 
percent of triazole formed) identified. 
2.4.4 Vesicle Creation and Composition 
All vesicles were comprised of 2% synthesized lipid and 98% of either DPPC or 
DPPC / DOPC. 
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Table 1.  Lipid composition in vesicles. 
Nonfluid V1 373μL of 10 mg/mL DPPC, 147 μL of 1 mg/mL 1, 85 μL of 1 mg/mL 
stearylamine 
Semifluid V1 298 μL of 10 mg/mL DPPC, 80 μL of 10 mg/mL DOPC, 147 μL of 1 
mg/mL 1, 85 μL of 1 mg/mL stearylamine 
Nonfluid V2 373 μL of 10 mg/mL DPPC, 88 μL of 1 mg/mL 2, 85 μL of 1 mg/mL 
stearylamine 
Semifluid V2 298 μL of 10 mg/mL DPPC, 80 μL of 10 mg/mL DOPC, 88 μL of 1 
mg/mL 2, 85 μL of 1 mg/mL stearylamine 
Nonfluid V3 373 μL of 10 mg/mL DPPC, 256 μL of 1 mg/mL 3, 153.6 μL of 1 
mg/mL stearylamine 
Semifluid V3 298 μL of 10 mg/mL DPPC, 80 μL of 10 mg/mL DOPC, 256 μL of 1 
mg/mL 3, 153.6 μL of 1 mg/mL stearylamine 
Nonfluid V4 373 μL of 10 mg/mL DPPC, 147 μL of 1 mg/mL 1, 88 μL of 1 mg/mL 
2, 8.2 μL of 1 mg/mL stearylamine 
Semifluid V4 298 μL of 10 mg/mL DPPC, 80 μL of 10 mg/mL DOPC, 147 μL of 1 
mg/mL 1, 88 μL of 1 mg/mL 2, 8.2 μL of 1 mg/mL stearylamine 
Nonfluid V5 373 μL of 10 mg/mL DPPC, 147 μL of 1 mg/mL 1, 256 μL of 1 mg/mL 
3, 76.8 μL of 1 mg/mL stearylamine 
Semifluid V5 298 μL of 10 mg/mL DPPC, 80 μL of 10 mg/mL DOPC, 147 μL of 1 
mg/mL 1, 256 μL of 1 mg/mL 3, 76.8 μL of 1 mg/mL stearylamine 
Nonfluid V6 373 μL of 10 mg/mL DPPC, 88 μL of 1 mg/mL 2, 256 μL of 1 mg/mL 
3, 76.8 μL of 1 mg/mL stearylamine 
Semifluid V6 298 μL of 10 mg/mL DPPC, 80 μL of 10 mg/mL DOPC, 88 μL of 1 
mg/mL 2, 256 μL of 1 mg/mL 3, 76.8 μL 1 mg/mL stearylamine 
Nonfluid V7 373 μL of 10 mg/mL DPPC, 147 μL of 1 mg/mL 1, 88 μL of 1 mg/mL  
2, 256 μL of 1 mg/mL 3 
Semifluid V7 298 μL of 10 mg/mL DPPC, 80 μL of 10 mg/mL DOPC, 147 μL of 1 
mg/mL 1, 88 μL of 1 mg/mL 2, 256 μL of 1 mg/mL 3 
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Small unilamellar vesicles (SUVs) were created by a method similar to that 
described by Abramson et al.54  Standard lipids (DPPC or a DPPC/DOPC mixture) were 
mixed with a small percentage (2% of overall lipid composition) of the azide-, alkyne-, or 
ligand containing compound of interest in chloroform (or with stearylamine to create equal 
synthetic lipid concentration, depending on the vesicle), and the solvent was evaporated in 
a round-bottomed flask to create a thin film coating the glass, as depicted in Figure 19.  The 
film was further dried under a stream of nitrogen gas, and was then rehydrated in a sterile-
filtered phosphate buffer (0.2 M pH 7) overnight at 4°C, sealed under argon.  The mixture 
was then gently warmed with a heat gun while swirling until no lipid film remained visible 
on the sides of the flask and the solution appeared homogenous. Each sample was 
transferred to a vial and sonicated with cavitation for 1.5 minutes (5 seconds on, 2 seconds 
rest, for 26 cycles) at room temperature with a probe tip sonicator, followed by 
centrifugation at 160,000 x g (41,000 rpm) at 25 °C for two hours.  The top-most portion 
of the supernatant was discarded and the remainder of the supernatant was used without 
further manipulation; all vesicles were used within 24 h of their preparation.  Lipid bilayer 
formation was verified with FM 1-43 dye by comparing the fluorescence of the sample 
with lipids to a sample without lipid, with the understanding that samples lacking lipid 
bilayers would display little to no fluorescence whereas for samples with bilayer present 
the dye exhibits a greatly increased fluorescence. Vesicle size and charge were 
characterized before and after CuAAC reactions by dynamic light scattering (DLS) and 
zeta potential measurement.  
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Figure 19.  Lipid vesicle preparation scheme. 
 
Figure 20.  Vesicles created for kinetics experimentation. 
In total, seven different types of vesicles were created, which represent the 
maximum number of ways lipid azide, alkyne, and ligand could be either alone in a 
membrane, or in combination with other lipid CuAAC reagents. 
2.4.5 Kinetics 
CuAAC reactions were performed in black, clear-bottomed optically transparent 96-
well plates.  Stock solutions were prepared 5x more concentrated than the planned reaction 
solution, each in the same sterile-filtered sodium phosphate buffer (0.2 M, pH 7).  To each 
well was added, in order, equal volumes freshly-prepared CuSO4 solution, ligand solution, 
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alkyne solution, and azide solution.  The reaction was initiated by the addition of sodium 
ascorbate solution to each well, and the fluorescence was monitored over time with a 
ThermoFisher Varioskan plate reader.  A small amount of background signal (fluorescence 
over time without copper) was subtracted from the raw fluorescence kinetic trace for each 
run, as depicted in Figure 22. 
2.5 Results 
2.5.1 Kinetics of small molecule substrates in free solution 
The azide functionality present on 7-hydroxy-3-azidocoumarin quenches the 
fluorescence that is typical of this coumarin class of compounds.  When the molecule is 
converted to a triazole, however, it exhibits fluorescence when excited (λex = 404 nm, λex 
= 476 nm).  The fluorescent spectrum of this reaction over time is depicted in Figure 21. 
 
Figure 21.  Kinetics of 7-hydroxy-3-azidocoumarin CuAAC with 2-methyl-3-butyn-
1-ol when excited at 404 nm. 
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To verify the performance of the reactants and conditions used in this study in 
homogenous solution, the rates of reactions of 7-hydroxy-3-azidocoumarin with a 
representative aliphatic alkyne, 2-methyl-3-butyn-2-ol, were measured in the absence of 
lipid using varying amounts of azide, alkyne, and catalyst (5:1 molar ratio of ligand 
THPTA and Cu(I) ions55).  The expected kinetic parameters26 were observed:  first-order 
dependence on azide, slightly less than first order on alkyne, and second order dependence 
on catalyst. 
Table 2.  Conditions for the reaction of 7-hydroxy-3-azidocoumarin CuAAC with 2-
methyl-3-butyn-1-ol as depicted in Figure 22. 
 Concentration 
Azide Varying by a factor of 2 
Alkyne 370 μM 
CuSO4 12 μM 
THPTA 60 μM 
NaAsc 4 mM 
Control (reaction mixture without CuSO4) 





Figure 22.  Representative kinetic traces for the reaction of 7-hydroxy-3-
azidocoumarin CuAAC with 2-methyl-3-butyn-1-ol, demonstrating background 
subtraction. 
 
Figure 23.  Representative determination of initial kinetics for 7-hydroxy-3-




2.5.2 Kinetics of one substrate in-membrane and other CuAAC partners in solution 
 
Figure 24.  Scheme depicting overall lipid CuAAC research process and findings. 
 Reaction kinetics were also evaluated for reactions in which one of the components 
(azide, alkyne, or copper-binding ligand) was displayed in a non-fluid DPPC small 
unilamellar vesicle (V1, V2, or V3, respectively), and the other components were present 
in solution. Similar apparent rate orders were observed for these membrane-displayed 
species compared to free solution reactions.   
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Figure 25.  CuAAC experimental rate order plots for: A) 7-hydroxy-3-
azidocoumarin in solution.  B) 2-methyl-3-butyn-2-ol in solution. C) Cu-THPTA 
complex in solution with catalytic copper conditions. D) Cu in solution. E) Azide-
lipid, in membrane.  F) Alkyne-lipid, in membrane.  G) Cu + lipid-ligand, in 
membrane.  H) Cu + lipid-ligand, in membrane.  Concentrations for all plots are 
depicted in Table 3. 
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Table 3.  Concentrations of reagents used to produce plots in Figure 25. 




52 μM 52 μM 52 μM 
590 nM 
- 19 μM 
52 μM 52 μM 52 μM 
Alkyne 370 μM 
2.9 μM - 
185 μM 
370 μM 92 μM 370 μM 
590 nM - 
19 μM 
370 μM 370 uM 
CuSO4 12 μM 12 μM 
1.5 μM -
12 μM 
11 μM - 
1.4 mM 
12 μM 12 μM 




Ligand 60 μM 60 μM 5x Cu 60 μM 60 μM 60 μM 
1.1 μM 
– 9 μM 
9 μM 
NaAsc 4 mM 4 mM 4 mM 4 mM 4 mM 4 mM 4 mM 4 mM 
 
Note that the apparent second-order dependence of the reaction on vesicle-bound Cu-ligand 
concentration only requires two Cu atoms to associate with a single ligand in the 
catalytically-active complex, as we have proposed earlier based on the unusual 
coordination properties of the tris(triazolylmethyl)amine series of ligands.6  Increasing Cu 
concentration relative to constant concentrations of ligand also showed similar rate 
patterns, supporting the assumption that the CuAAC reaction behaves similarly when one 
of the reagents or the catalyst is displayed on a lipid bilayer. 
 When incorporated into lipid bilayers consisting primarily of saturated lipid tails, 
the unsaturated lipid DOPC can perturb lipid packing thereby enhancing overall membrane 
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fluidity.56  The effect of fluidity on reactions between vesicle-supported azide and alkyne 
was assessed by comparing reactions in which reactants were displayed in an ordered 
membrane (DPPC-only) membrane vs. a more fluid one (19% DOPC in DPPC, a mixture 
chosen to give the same size vesicles with good stability as well as to allow for facile 
incorporation of synthetic lipids, and designated “semi-fluid” below).  As shown in Figure 
26, the initial rates of reaction in panels A and C are similar, but differ significantly in 
extent of completion, indicating that the reaction of alkyne in the nonfluid lipid membrane 
shuts down faster.  Anchoring of azide-lipid in either type of vesicle gave very similar 
reactions with either form of the alkyne vesicle. 
 It should be noted for these kinetics, that the greatest anticipated degree of CuAAC 
completion is 50%, as only the outer leaflet of the vesicle would be available for reaction, 
although each of the azide, alkyne, or ligand lipids would be incorporated (presumably 
evenly) throughout both leaflets of the vesicle. 
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Figure 26.  CuAAC reactions between vesicle-supported reactants.  Azide- or 
alkyne- lipids were incorporated at 2 mole-% with respect to lipid molecules in 
synthetic vesicles. The resulting vesicles are represented in cartoon form on the 
right; note that azide and alkyne groups are displayed on the interior membrane 
surface as well, but are not shown in the cartoon. In all cases, overall concentrations 
were as follows: [1] = 19 μM; [2] = 19 μM; [CuSO4] = 12 μM; [NaAsc] = 4 mM; 
[THPTA] = 60 μM.  “Nonfluid” denotes vesicles made with 98% DPPC; “semi-
fluid” denotes vesicles made with an 81:19 DPPC:DOPC molar ratio at 98% in the 
membrane. 
 The greater dependence of alkyne reactivity on the membrane environment may be 
due to several factors. First, alkyne 2, being a secondary amine, is likely to interact 
differently with the phosphocholine head groups of the vesicle lipids than coumarin azide 
1, and may therefore be less accessible. In addition, the CuAAC reaction relies on the 
catalyst’s ability to escape the formation of unproductive coordination complexes with both 
alkyne and ligand.6,26 This requires Cu ligand exchange to be relatively fast.  A certain 
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level of membrane fluidity may be necessary to achieve alkyne accessibility to azide and 
catalyst, and Cu(I) accessibility to the proper ligands for triazole formation.   
2.5.3 Reactions between vesicles 
 The importance of bilayer mobility was further highlighted by comparisons of 
reactions between azide 1 and alkyne 2 associated with different vesicles (V1 + V2) vs. the 
corresponding intra-vesicular reaction (V4), at the same overall concentrations of 
functional groups and lipid. Thus, for non-fluid vesicles, the communication between azide 
and alkyne is so poor that reactions between vesicles was found to be faster (Figure 26 
panel E). When membrane fluidity was increased (Figure 26 panel F), both reactions sped 
up to exhibit similar profiles, with the intra-vesicular process slightly faster.  
 Vesicles were also prepared incorporating the hydrophobic ligand 3, similar to the 
one prepared by Devaraj and coworkers to catalyze CuAAC reactions in the lipid phase.51 
Thus, vesicle V3 provided only a very slight rate acceleration of the reaction of V1+V2 
(both systems in the presence of the same amount of CuSO4 precursor and sodium 
ascorbate), whereas added THPTA was much more effective (Figure 27 bottom). While it 
might be expected to be difficult for three different vesicles to come together for this 
process, the co-incorporation of ligand 3 in the same vesicle with azide (V5), alkyne (V6), 
or both (V7) gave little or no initial rate acceleration and poorer catalyst turnover (Figure 
27 top and bottom).  It will be interesting to test the role of the mobility of the membrane-
anchored catalyst:  in this case, the three lipophilic tails of ligand 3 are likely to restrict the 
lateral mobility of the ligand in any lipid bilayer. 
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Figure 27.  CuAAC reactions of azide, alkyne, and ligand lipids incorporated at 2% 
into 19:81 DPPC vesicles, under the same conditions as Figure 26. 
Reactions between azide- and alkyne-containing vesicles (V1 and V2) mediated by 
solution-phase Cu-THPTA produced no aggregates or detectable changes in vesicle size 
(Figure 29), as would be expected if the triazoles linked vesicles together or induced vesicle 
fusion. This suggests that the functionalized molecules are able to transfer between 
vesicles, either before or after the CuAAC reaction, as illustrated in Figure 28. One would 
expect single-tailed lipid molecules such as 1 and 2 to undergo such transfer faster than 
molecules bearing two (triazole product) or three (ligand 3) anchoring hydrocarbon chains. 
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Consistent with relatively fast inter-vesicle transfer is the observation of only minor rate 
differences between the inter- and intra-vesicular reactions shown above. 
 
Figure 28.  Cartoon representation of functionalized lipid exchange either before or after 
triazole formation, to give non-aggregated triazole-bearing vesicles. 
2.5.4 Physical properties of vesicles pre- and post-CuAAC 
As detailed in   
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Table 4, Table 5, and Figure 29 the physical properties of the synthetic vesicles, 
including size and charge, remained similar.  This suggests that aggregation is not 
occurring as a result of the CuAAC reaction.  DLS information on sizing also confirms 




Table 4.  Radius and zeta potential for nonfluid vesicles pre- and post- CuAAC. 










Azide 40.3 ± 0.2 2.49 ± 0.21 40.2 ± 0.6 4.33 ± 0.28 
Alkyne 33.4 ± 0.3 5.27 ± 0.06 35.2 ± 0.4 3.88 ± 0.34 
Ligand 39.6 ± 0.7 4.61 ± 0.34 40.8 ± 1.4 4.91 ± 0.19 
Azide/Alkyne 32.6 ± 0.4 2.40 ± 0.26 32.5 ± 0.8 2.36 ± 0.01 
Azide/Ligand 46.2 ± 0.5 3.24 ± 0.39 43.5 ± 1.4 3.92 ± 0.21 
Alkyne/Ligand 45.2 ± 2.0 4.25 ± 0.09 43.9 ± 1.9 4.42 ± 0.18 
Azide/Alkyne/Ligand 41.6 ± 0.6 3.38 ± 0.19 36.8 ± 1.1 3.22 ± 0.13 
Azide+Alkyne 35.1 ± 0.2 2.09 ± 0.10 36.1 ± 0.6 2.56 ± 0.27 
Azide+Ligand 39.6 ± 1.3 5.31 ± 0.26 48.2 ± 0.8 5.63 ± 0.21 
Alkyne+Ligand 42.7 ± 1.1 5.86 ± 0.25 42.1 ± 1.5 4.86 ± 0.08 




Table 5.  Radius and zeta potential for semi-fluid vesicles pre- and post- CuAAC. 











Azide 50.9 ± 0.5 4.12 ± 0.19 55.2 ± 0.5 4.59 ± 0.28 
Alkyne 48.0 ± 1.0 5.43 ± 0.48 45.6 ± 1.7 5.44 ± 0.20 
Ligand 55.5 ± 0.6 6.09 ± 0.17 61.0 ± 1.4 6.65 ± 0.13 
Azide/Alkyne 45.1 ± 1.5 4.31 ± 0.19 43.0 ± 1.7 4.12 ± 0.24 
Azide/Ligand 48.3 ± 2.4 6.01 ± 0.44 49.1 ± 1.5 5.23 ± 0.31 
Alkyne/Ligand 50.1 ± 1.3 6.14 ± 0.50 48.0 ± 1.1 5.88 ± 0.15 
Azide/Alkyne/Ligand 48.9 ± 1.3 4.18 ± 0.29 46.6 ± 1.5 5.55 ± 0.19 
Azide+Alkyne 48.1 ± 1.2 5.67 ± 0.44 51.2 ± 1.0 5.13 ± 0.47 
Azide+Ligand 55.8 ± 0.5 6.54 ± 0.33 53.9 ± 1.2 6.50 ± 0.40 
Alkyne+Ligand 53.6 ± 0.8 6.64 ± 0.50 52.3 ± 1.5 5.98 ± 0.33 




Figure 29.  Characterization of vesicles before and after CuAAC reactions.  Semi-
fluid vesicles contain 19% DOPC; non-fluid vesicles are composed entirely of DPPC. 
Results with non-fluid vesicles (DPPC only) are shown on top; semi-fluid vesicles 
(19% DOPC, 81% DPPC) are shown on the bottom.  (A,C) dymanic light scattering. 
(B,D) zeta potential. 
 
2.6 Discussion 
The rate order for the reactions between lipids was determined via pseudo-first order 
kinetics by evaluating the slope of the plots of the natural log of the concentration of the 
reagent in question (which had been varied over each set of experiments) and the natural 
log of the initial rate (linear portion).  For lipid bound CuAAC reactants, it was determined 
that the rate orders were approximately first order with respect to azide, approximately first 
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order with respect to alkyne (although a rate order of less than one suggests some inhibition, 
which in this case likely derives from the formation of extended copper-acetylide species), 
and approximately second order with respect to the copper-ligand complex.  This is as 
anticipated and is comparable to the rate order of the reagents in free solution for CuAAC. 
 The lipid ligand was shown to accelerate CuAAC reactivity within the membrane, 
although this accelerations was much less than the acceleration provided by THPTA in 
solution.  This acceleration was most drastic when the click ligand and the alkyne were in 
the same membrane, which suggests that this arrangement allows for the preformation of 
the copper-acetylide species, prior to reactivity with the azide. 
The lipids both before and after CuAAC showed no aggregation within the given 
time-frame, yet, the reaction between azide and alkyne occurred in situations where the 
azide was in one vesicle and the alkyne in another.  Based upon the results demonstrated 
by Menger and coworkers, as well as the faster reactivity of the intravesicular reaction for 
fluid lipid systems and that the lipids studied were lyso-like lipids, it is suspected that this 
reaction between an azide bearing vesicle and an alkyne bearing vesicle proceeds through 
lipid transfer between vesicles, prior to the CuAAC reaction.  Further reactions with 
modified substrates that would be less likely to dissociate from the membrane may 
elucidate this mechanism more clearly.  This work provides context to the CuAAC reaction 
in and within lipid membranes that would be applicable to cell and vesicle work, although 
the particular use of the lipids chosen for this system are not ideal for obtaining optimum 
reactivity for CuAAC in-membrane as the lipid systems were only limitedly fluid and the 
synthetic lipids were quite dissimilar from biological lipids. 
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2.7 Conclusion 
 The reactivity of lipid membrane-bound substrates can be affected by a number of 
factors, including fluidity, concentration, and other components in the membrane.  In 
general, greater CuAAC reactivity was observed with more fluid lipid systems.  Modest 
increases in rate were observed for low concentrations of a lipid ligand catalyst in the 
membrane, however a solution-phase ligand proved more effective at presenting copper to 
reactive substrates in the membrane.  Additionally, evidence suggesting lipid transfer 
between vesicles was observed for reactions between vesicles, although the detailed 
mechanism of lipid transfer between vesicles was not elucidated.  Further development of 
CuAAC with lipid substrates could allow for bioorthogonal symmetric membrane leaflet 
labeling as well as providing a better understanding of this tool to probe membrane 
systems. 
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CHAPTER 3.  COVALENT FUNCTIONALIZATION OF 
FLEXIBLE POLYVINYL CHLORIDE TUBING VIA COPPER(I) 
CATALYZED AZIDE ALKYNE CYCLOADDITION 
3.1 Abstract 
 Polyvinyl chloride (PVC) tubing is a vital part of many industries, including 
medicine and food.  The ability to chemically modify PVC has previously been reported 
mainly on powdered or rigid forms of the plastic. Here we describe the chemical 
modifications of commercial flexible PVC medical tubing with azide and cyanide 
nucleophiles facilitated by phase transfer catalysts, and characterization of the resulting 
materials.  These modifications provide convenient handles for click chemistry linkages 
via azide-akyne cycloaddition or tetrazole formation.  Azidation was found to occur only 
in the outermost thin layer of the tubing material and not in the interior, and mechanical 
flexibility was maintained when reaction times and temperatures were moderated.  
This chapter is based upon the work documented in:   Beveridge, J.M.; Chenot, H.M.; 
Jacobs, A.; Crich, A.D.; Finn, M.G.  Functionalization of Flexible Polyvinyl Chloride 
Tubing.  Langmuir, 2018, 34 (35) 10407-10412.  
3.2 An Introduction to Flexible Plastics and Their Application 
Flexible plastics are staple products incorporated into a number of devices, 
industries, and applications.  In many such uses, characteristics such as flexibility and 
surface hydrophobicity play a significant role in the material’s utility. For example, 
medical tubing must be flexible enough to be employed in or around the human body and 
with particular equipment, sturdy enough to withstand long-term use, non-toxic, non-
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leaching, and resistant to solutions that it could be immersed in or carry.  Plasticizers are 
usually used to separate or lubricate the motions of polymer chains, thereby reducing chain 
interaction and producing a more deformable material.57  
At present, as described by Dr. Keko Tarquinio of Children’s Healthcare of Atlanta, 
a major problem in hospital settings encountered by clinicians is bacterial biofilm 
formation on plastic surfaces.  As a means of addressing this problem for intubated patients, 
endotracheal tubing doped with silver nanoparticles was created; however, it is not FDA 
approved for pediatrics as its mechanism of action relies on the leaching of silver.  Current 
standard treatment to limit biofilm formation on endotracheal tubing involves rinsing the 
patient’s mouth with an antibacterial wash, followed by regular biofilm removal from the 
interior of the tubing by pulling the films up with a bristled brush.  This treatment is often 
ineffective, which can give rise of conditions such as ventilator-associated pneumonia and 
other infections.  Thus, a means to covalently modify plastics (which avoids dependence 
on a leaching mechanism of action), so as to attach antimicrobial functionality is desired. 
Polyvinyl chloride (PVC) is one of the most widely used plastics, in part due to its 
low cost, prevalent availability, and tunable mechanical properties.58  For flexible products 
comprised of PVC, common plasticizers include phthalates, citrates, and aliphatic diesters, 
but plasticizer migration from PVC during chemical processing can be an important 
problem.59 The use of surface cross-linking with sodium sulfide and tetrabutylammonium 
hydrogen sulfide as a phase transfer catalyst (PTC) has been shown to decrease plasticizer 
migration in certain circumstances when modifying PVC surfaces, however the stress-
strain properties of the material were significantly changed.60  
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In order to chemically modify the surface properties of PVC materials, a means of 
altering surface functionality while retaining key plastic properties including flexibility, 
color, and material strength are needed.  Many reports have appeared describing the making 
of covalent modifications to PVC, but most have been done on PVC powder, soluble PVC 
in solution, or on rigid PVC substrates,61,62,63 which avoid the problem of maintaining 
deformability in flexible tubing.  Even studies which have attempted to covalently add 
plasticizer to PVC have failed to fully explore the bulk properties of the resulting 
materials.64,65 The ability to modify PVC plastic through click chemistry without 
deformation or loss of other key properties could allow for more diverse and resilient PVC 
for a number of potential applications, including as antifouling plastics for marine and 
medical industries. 
3.3 Experimental 
Here we explore means to address flexible PVC tubing through nucleophilic 
substitution followed by formation of triazole or tetrazole linkages, as shown in Figure 30. 
Prior examples of these manipulations on PVC have appeared, but have been similarly 




Figure 30.  Modification of flexible PVC by nucleophilic substitution and 
subsequent reactions with modified PVC. 
  
The studies described here used commercial plain endotracheal tubing (ET) 
(Covidien Mallinckrodt Oral/Nasal Tracheal Tube Cuffless, 4.0 mm inner diameter, 5.6 
mm outer diameter) and catheter tubing (CT) (GentleCath Intermittent Urinary Catheter, 
Size 14 Male Nelaton 16”) purchased from the indicated vendors.  Both are made from 
PVC with bis(2-ethylhexyl) phthalate (DEHP) as plasticizer.  mPEG2000-alkyne was 
purchased from Advanced Biochemicals.  All other reagents used were either available 
commercially through standard suppliers or synthesized as described in the supplemental 
information.   
3.3.1 XPS measurements  
X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific 
K-Alpha XPS with a monochromated Al Kα source, hemispherical analyzer, and 












































pressure below 10-6 mbar with flood gun on and a spot size of 200 μm.  Survey scans were 
carried out as the average of 4 scans over the 0 to 1350 eV binding energy range with a 1.0 
eV step size, a 50 ms dwell time, and an analyzer pass energy of 200 eV.  High resolution 
scans of the N 1s region (392-410 eV) were performed for samples that showed N1s content 
in the survey scan; these high resolution scans were carried out as the average of 4 scans 
over the range with a 0.1 eV step size, a dwell time of 50 ms, and an analyzer pass energy 
set to 50 eV.  As azides are known to degrade over time under x-ray exposure,32 survey 
measurements of nitrogen content were made in a location adjacent to other measurement 
areas on the same sample. 
3.3.2 TGA/DSC measurements  
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
analyses of materials were performed simultaneously on a ThermalAdvantage Q600 SDT 
instrument, over a range of 50 °C to 600 °C, with a constant temperature ramp of 20 °C / 
min.  Samples were cut with a razor blade into small slices (approximately 2 mg each); 
each analytical run used several pieces to comprise approximately 10 mg of sample. 
3.3.3 Contact angle measurements 
Contact angle measurements and images were taken on a ramé-hart standard 
goniometer. 
3.3.4 Young’s modulus and hardness measurements 
Indenter measurements were made with a Hysitron Triboindenter with a Berkovich 
3-sided pyramid tip, radius ~200 nm, calibrated with a polycarbonate standard.  Samples 
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were thinly sliced to create the flattest possible sample and adhered at the ends with kapton 
tape to the sample holding plate. Values are reported as an average of four 4 measurements 
separated by 10 microns between points, with increasing force from 250 to 1250 μN. 
3.3.5 SEM 
Scanning electron microscope (SEM) images were taken on a Hitachi S-3700N 
Variable Pressure SEM.  Samples were thinly sliced and adhered to the sample plate, with 
a copper tape bridge between the surface of the material and the plate to reduce sample 
charging.  Depending on the conditions used, some samples showed evidence of 
degradation over time during the SEM process in the area that the electron beam analyzed; 
variations in conditions used across samples were used to minimize this degradation.  The 
majority of samples were run at 15 kV at 50 Pa or less of vacuum.   
3.3.6 Alkyne synthesis 
Unless otherwise noted, all reagents were purchased from commercial suppliers. 
3.3.6.1 Synthesis of trimethylprop-2-yn-1-aminium iodide (1) 
 
Figure 31.  Reaction scheme for the synthesis of trimethylprop-2-yn-1-aminium 
iodide (1) 
Trimethylprop-2-yn-1-aminium iodide was made in a manner similar to the method 
described by Menger and Venkataram.70  N,N-dimethylpropargylamine (0.97 mL, 9 mmol, 
1 equiv) was dissolved in methanol (5 mL) and methyl iodide (840 uL, 13.5 mmol, 1.5 
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equiv)  was added.  This was refluxed overnight under argon, then cooled and triterated 
into diethyl ether.  This was filtered, rinsed with ether, and product was obtained as off-
white crystals in 91% yield. 
1H-NMR (D2O, 500 MHz): δ (ppm) 3.20 (d, J= 2 Hz, 9H), 3.25 (q, J= 3 Hz, 1H), 4.24 (t, 
J= 3Hz, 2 H). 
FTIR (cm-1):  3167(m), 3002(w), 2941(w), 2121 (w), 1471(m), 897 (m), 762(w), 722(m). 
 
Figure 32.  1H-NMR spectrum for trimethylprop-2-yn-1-aminium iodide (1) 
 
3.3.6.2 Synthesis of perfluoro-N-(prop-2-yn-1-yl)nonanamide (2) 
 
Figure 33.  Reaction scheme for the synthesis of perfluoro-N-(prop-2-yn-1-
yl)nonanamide (2) 
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Propargylamine (77 μL, 1.2 mmol, 1.1 equiv.) and triethylamine (225 μL, 1.6 
mmol, 1.5 equiv.) were added to dry dichloromethane (5 mL).  This was cooled to 0 °C 
and perfluorononanoyl chloride (100 μL, 1.1 mmol, 1 equiv.) was added dropwise.  This 
was stirred at 0 °C for 30 minutes and at room temperature overnight in a flask sealed with 
a rubber stopper and vented with a small gauge needle.  The solvent was removed via rotary 
evaporation and columned, eluted with a hexane : ethyl acetate gradient (Rf = 0.77, stains 
with KMnO4).  Product was obtained after rotary evaporation as a white fluffy powder in 
49% yield. 
1H-NMR (CDCl3, 500 MHz): δ (ppm) 2.35 (t, J= 3Hz, 1H), 4.18 (J= 3Hz, 2H), 6.51 (s, 
1H). 
FTIR (cm-1):  3334 (m), 3272 (m), 1694(m), 1527 (m), 1195(s), 1138(s). 
 
Figure 34.   1H-NMR spectrum for perfluoro-N-(prop-2-yn-1-yl)nonanamide (2) 
19F NMR (CDCl3):  δ (ppm) -80.7, -119.7 to -119.8, -121.4 to -121.9, -122.4 to -122.7, -




Figure 35.  19F-NMR spectrum for perfluoro-N-(prop-2-yn-1-yl)nonanamide (2). 
 
3.3.6.3 Synthesis of 1-(undec-10-yn-1-yl)pyridin-1-ium (4) 
 
Figure 36.  Reaction scheme for the synthesis of 1-(undec-10-yn-1-yl)pyridin-1-ium 
(4) 
1-bromo-10-undecyne ( produced by the method of Neef and Schultz,71 1 g, 4.3 
mmol, 1.4 equiv.) and pyridine (250 μL, 3.1 mmol, 1 equiv.) were combined in ethanol and 
refluxed overnight under argon.  The solvent was removed by rotary evaporation and the 
residue subjected to a dichloromethane/water extraction. The aqueous layer was retained, 
subjected to rotary evaporation to remove any lingering organics, and then lyophilized 
overnight to yield an off-white powder in 51% yield. 
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1H NMR (D2O, 500MHz):  δ (ppm)  1.2-1.4 (m, 10H), 1.49 (p, J= 7 Hz, 2H), 2.01 (p, J= 7 
Hz, 2 H), 2.19 (t of d, J= 2 and 7 Hz, 2H), 2.33 (t, J=2 Hz, 1H), 4.61 (t, J=7 Hz, 2H), 8.06 
(t, J=7 Hz, 2H), 8.54 (t, J=7 Hz, 1H), 8.84 (d, J=7 Hz, 2H). 
FTIR (cm-1):  3373(m), 3244(w), 3133(w), 3017(w), 2922(m), 2850(m), 1632(m), 
1480(m), 1176(m), 777(m), 684(s). 
 
Figure 37.  1H-NMR spectrum for 1-(undec-10-yn-1-yl)pyridin-1-ium (4) 
 
Figure 38.  13C-NMR spectrum for 1-(undec-10-yn-1-yl)pyridin-1-ium (4) 
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13C-NMR (CDCl3, 500 MHz): δ(ppm) 16.6, 25.7, 28.3, 28.3, 28.6, 28.9, 31.1, 61.7, 68.0, 
83.7, 128.1, 144.6, 145.5. 
 
3.4 Results 
3.4.1 Azidation of tubing  
 Several procedures in the literature detail the azidation of PVC, although these 
methods typically involve organic solvents such as N,N-dimethylformamide with pre-
polymerized PVC monomer, PVC powder, or solid inflexible substrates.61,62,64,67 When 
applied to flexible tubing, such conditions make the resulting materials inflexible for a 
variety of aqueous-organic solvent mixtures.  Solvent tolerances for endotracheal tubing 
are displayed in Table 6. 
Table 6 – Solvent tolerances for endotracheal tubing. This table reports the 
approximate largest amount of organic co-solvent (v/v) in water in which tubing can 
be immersed overnight, at room temperature before becoming inflexible as judged 
by simple handling. 
Solvent Limiting aqueous mixture Notes 
DMSO up to 50% 
DMSO remains in plastic sample after 
rinsing with sonication, as determined 
by XPS. 
DMF up to 12.5%  
methanol up to 6.25%  
ethanol up to 6.25%  
 
 We focused instead on azidation in aqueous solutions with the use of a phase transfer 
catalyst. While tetrabutylammonium bromide has been employed previously for this 
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purpose,66,69 we tested several others for their relative activities in facilitating azidation 
(Figure 39).  Small pieces of clear, cut endotracheal tubing (approximately 0.5 x 0.5 cm) 
were placed in 4 mL of an aqueous solution of 450 mM NaN3 and 9 mM phase transfer 
catalyst in sealed vials. Each mixture was heated to 80 °C for 48 hours while shaking 
vigorously on an orbital shaker.  The samples were then rinsed in water in an ultrasonic 
bath for 1 hour, changing the water at 30 minutes, and then dried overnight at 60 °C.    
 The results were evaluated by infrared spectroscopy (IR), monitoring the increase in 
characteristic asymmetric azide stretch at ~2100 cm-1 and decrease in C-Cl band at ~610 
cm-1).72 Some samples were also examined by XPS, monitoring the creation of the 2:1 
intensity pattern characteristic of azide at 400 and 404 eV, and the overall increase in %N 
at the expense of a decrease in %Cl. In general, bulkier phase transfer agents with more 
prominent hydrophobic features were superior to smaller cations, as summarized in Figure 
39. 
 
Figure 39.  Relative activity of phase transfer catalysts in the azidation of PVC 
tubing (450 mM NaN3, 9 mM PTC, 80 °C, 48 h). 
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Table 7.  IR and XPS analysis for ET azidated (48h) with various phase transfer 
catalysts.  Intensity of azide IR signal was normalized to the intensity of the 
resultant azide peak from azidation with Aliquat 336. 





Unmodified ET tubing 69.77 12.37 13.12 3.46 1.28 ND ND ND ND 0% 
Tetrabutylammonium bromide 75.38 13.06 4.40 3.22 1.72 2.24 ND ND ND 56% 
Aliquat 336 75.51 13.02 1.53 4.16 1.48 4.29 ND ND ND 100% 
Cetylpyridinium chloride 83.52 7.61 2.92 2.32 1.05 2.57 ND ND ND 52% 
Tetraphenylphosphonium bromide 72.73 14.24 3.06 3.71 1.53 4.25 0.48 ND ND 85% 
Benzyldimethyltetradecylammonium 
chloride 
74.47 10.99 2.93 4.12 0.82 6.3 0.37 ND ND 108% 
Tetrabutylammonium iodide 73.29 15.48 3.58 4.75 1.13 1.78 ND ND ND 38% 
Hexadecyltrimethylammonium 
chloride 
85.84 3.97 4.65 1.44 ND 4.1 ND ND ND 33% 
Tetrabutylammonium nitrate 75.44 13.74 3.36 3.68 1.27 2.05 0.46 ND ND 36% 
Bis(triphenyl)phosphoranylidene-
ammonium chloride 
80.49 10.82 1.15 3.62 1.50 2.42 ND ND ND 49% 
Tetrabutylammonium cyanide 75.44 12.45 5.76 3.63 ND 2.09 0.21 0.42 ND 40% 
Tetrabutylammonium bisulfate 73.86 13.30 5.65 3.68 1.10 2.42 ND ND ND 61% 
Tetrabutylammonium 
tetrafluoroborate 
73.95 11.99 4.77 3.68 1.29 3.54 ND ND 0.78 54% 





Figure 40.  IR spectrum for unmodified ET. 
 
 




















Table 8.  XPS survey integration for unmodified ET. 













Figure 42.  IR spectrum for ET azidated with tetrabutylammonium bromide. 
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Figure 43.  XPS survey spectrum for ET azidated with tetrabutylammonium 
bromide. 
Table 9.  XPS survey integration for ET azidated with tetrabutylammonium 
bromide. 


































Figure 44.  XPS nitrogen spectrum for ET azidated with tetrabutylammonium 
bromide. 
 




















Figure 46.  XPS survey spectrum for ET azidated with Aliquat 336. 
Table 10.  XPS survey integration for ET azidated with Aliquat 336. 

















































Figure 48.  IR spectrum for ET azidated with cetylpyridinium chloride. 
 






















Table 11.  XPS survey integration for ET azidated with cetylpyridinium chloride. 

































Figure 51.  IR spectrum for ET azidated with tetraphenylphosphonium bromide. 
 



















Table 12.  XPS survey integration for ET azidated with tetraphenylphosphonium 
bromide. 

































Figure 54.  IR spectrum for ET azidated with benzyldimethyltetradecylammonium 
chloride. 
 
























Table 13.  XPS survey integration for ET azidated with 
benzyldimethyltetradecylammonium chloride. 
































Figure 57.  IR spectrum for ET azidated with tetrabutylammonium iodide. 
 



















Table 14.  XPS survey integration for ET azidated with tetrabutylammonium 
iodide. 

















Figure 60.  XPS survey spectrum for ET azidated with 
hexadecyltrimethylammonium chloride.   
Table 15.  XPS survey integration for ET azidated with 
hexadecyltrimethylammonium chloride. 



























Figure 61.  IR spectrum for ET azidated with tetrabutylammonium nitrate. 
 


















Table 16.  XPS survey integration for ET azidated with tetrabutylammonium 
nitrate. 














Figure 63.  IR spectrum for ET azidated with tetrabutylammonium cyanide. 
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Figure 64.  XPS survey spectrum for ET azidated with tetrabutylammonium 
cyanide. 
Table 17.  XPS survey integration for ET azidated with tetrabutylammonium 
cyanide. 





























Figure 65.  IR spectrum for ET azidated with tetrabutylammonium bisulfate. 
 



















Table 18.  XPS survey integration for ET azidated with tetrabutylammonium 
bisulfate. 
















Figure 68.  XPS survey spectrum for ET azidated with tetrabutylammonium 
tetrafluoroborate. 
Table 19.  XPS survey integration for ET azidated with tetrabutylammonium 
tetrafluoroborate. 

















































Figure 70.  XPS survey spectrum for ET azidated with tetraoctylammonium 
bromide. 











Figure 71.  XPS nitrogen scan for ET azidated with tetraoctylammonium bromide. 
 In this initial evaluation, the degree of functionalization was balanced against the 
flexibility of the resulting material, with rigidity presumably reflecting the leaching of 
plasticizer from the material.  The extent of reaction for some phase transfer catalysts 
provided inconsistent reactivity from run to run.  Reactions with Aliquat® 336 provided 
flexible tubing with a reproducible and consistently high degree of azidation as determined 





















experiments. XPS analysis of the modified tubing showed only the distinct azide double 
peak as the predominant nitrogen species. 
 Greater degrees of azidation were associated with significant discoloration of the 
tubing, likely the result of competing base-mediated elimination. This pathway was 
previously noted by Yoshioka and coworkers,73 but thermal dehydrochlorination, well 
known for PVC,74,75 may also play a role. The color of samples of endotracheal and catheter 
tubing undergoing azidation by these methods are shown in Figure 72 as a function of 
reaction time and temperature. Less azidation time naturally gave less discoloration, but it 
could not be completely eliminated. Samples azidated at a lower temperature (60 °C) were 
slower to discolor, but unfortunately were also slower to undergo the desired reaction. In 
this case, by the time full azidation was achieved (24 h, judged by IR), the samples were 
more discolored than for complete azidation at 80 °C, achieved in 12 h. Reactions at 100 
°C caused severe discoloration in under 3 hours with less than optimal azidation.   
 
Figure 72.  Results of azidation reactions of varying duration and temperature on 
endotracheal tubing using aqueous solutions of 480 mM sodium azide and 11 mM 
Aliquat® 336. The color of each box approximates the color of the resulting tubing. 
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NR = no observed reaction as indicated by IR; max signal = maximum intensity of 
the organic azide IR stretching band at 2107 nm. 
 Attempts made at azidation in organic solvent (DMF, THF, methanol, ethanol) 
resulted in rapid hardening of the plastic. The use of DMSO resulted in absorbtion of that 
solvent into the tubing which could not be rinsed out by extensive sonication in water as 
determined by XPS.  Variation of pH over a limited range (6-9) for a representative 
azidation reaction assisted by n-Bu4NBF4 showed maximum azidation at pH 6.5. Side 
reactions giving rise to loss of chlorine (elimination or substitution by hydroxide, assessed 
by XPS) were minimized at acidic pH, as expected. [Caution!! Azidation reactions should 
never be conducted or worked up under strongly acidic conditions, to avoid the generation 
of the highly toxic and explosive gas, HN3.]  
3.4.1.1 Correlation of IR and XPS Data 
Below, in Table 20, are a table of infrared and x-ray photoelectron spectroscopy signals 
relating to azide nitrogen for the same samples, and a plot of these data, showing a moderate 
degree of correlation, as detailed in Figure 73. 
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Table 20.  IR azide peak intensity and percent nitrogen from XPS from phase 
transfer catalysts for azidation. 







Bu4NBr (tetrabutylammonium bromide) 1.66 : 1 2.24 
Aliquat 336 3.01 : 1 4.29 
Pyridine-N-(n-C16H33)Cl (cetylpyridinium chloride) 1.61 : 1 2.57 
PhP4Br   (tetraphenylphosphonium bromide) 2.69 : 1 4.25 
(Bn)(Me)2(n-C14H29)NCl 
(benzyldimethyltetradecylammonium chloride) 
3.47 : 1 6.3 
(n-Bu)4NI  (tetrabutylammonium iodide) 1.25: 1 1.78 
(n-octyl)4NBr  (tetraoctylammonium bromide) 1.76 : 1 4.07 
(n-C16H33)Me3NCl  (hexadecultrimethylammonium chloride 1.01 : 1 4.10 
(n-Bu)4NNO3  (tetrabutylammonium nitrate) 1.11 : 1 2.05 
(n-Bu)4NCN  (tetrabutylammonium cyanide)     1.23 : 1 2.09 
(n-Bu)4NSO4H  (tetrabutylammonium bisulfate) 1.97 : 1 2.42 
(n-Bu)4NBF4   (tetrabutylammonium tetrafluoroborate) 1.67 : 1 3.54 
 
 




3.4.1.2 Azidation Occurs Only at PVC surface 
 Azidation was found to occur only at the surface of the PVC tubing as shown by 
XPS; examination of the interior of the tubing by XPS as close as 25-50 μm to the surface 
showed no azide signal, as displayed in Figure 74.   
 
Figure 74.  XPS analyses of a representative sample (12 h, 80 °C, with Aliquat® 336) 













Figure 76.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium bromide--close to edge of cross-section. 
Table 21.  XPS integration for cross-sectioned azidated ET as a function of PTC.  
Tetrabutylammonium bromide--close to edge of cross-section. 






























Figure 77.  XPS spectra of cross sectioned. Azidated ET as a function of PTC. 
Tetrabutylammonium bromide--approximately 1/4 of the way through the cross-
section. 
Table 22.  XPS integration for cross-sectioned azidated ET as a function of PTC.  
Tetrabutylammonium bromide-- approximately 1/4 of the way through the cross-
section. 




























Figure 78.  XPS spectra of cross sectioned. Azidated ET as a function of PTC. 
Tetrabutylammonium bromide--midway way through the cross-section. 
Table 23.  XPS integration for cross-sectioned azidated ET as a function of PTC.  
Tetrabutylammonium bromide-- midway way through the cross-section. 




























Figure 79.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Cetylpyridinium chloride --close to edge of cross-section. 
Table 24.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Cetylpyridinium chloride --close to edge of cross-section. 































Figure 80.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Cetylpyridinium chloride --approximately 1/4 of the way through the cross-section. 
Table 25.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Cetylpyridinium chloride -- approximately 1/4 of the way through the cross-section. 




























Figure 81.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Cetylpyridinium chloride --midway through the cross-section. 
Table 26.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Cetylpyridinium chloride -- midway through the cross-section. 





























Figure 82.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Tetraphenylphosphonium bromide --close to edge of cross-section. 
Table 27.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Tetraphenylphosphonium bromide --close to edge of cross-section. 






























Figure 83.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Tetraphenylphosphonium bromide --approximately 1/4 of the way through the 
cross-section. 
Table 28.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Tetraphenylphosphonium bromide -- approximately 1/4 of the way through the 
cross-section. 






























Figure 84.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Tetraphenylphosphonium bromide --midway through the cross-section. 
Table 29.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Tetraphenylphosphonium bromide -- midway through the cross-section. 































Figure 85.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Benzyldimethyltetradecylammonium chloride --close to edge of cross-section. 
Table 30.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Benzyldimethyltetradecylammonium chloride --close to edge of cross-section. 



























Figure 86.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Benzyldimethyltetradecylammonium chloride --approximately 1/4 of the way 
through the cross-section. 
Table 31.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Benzyldimethyltetradecylammonium chloride --approximately 1/4 of the way 
through the cross-section. 




























Figure 87.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Benzyldimethyltetradecylammonium chloride --midway through the cross-section. 
Table 32.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Benzyldimethyltetradecylammonium chloride --midway through the cross-section. 



























Figure 88.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium iodide --close to edge of cross-section. 
Table 33.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium iodide --close to edge of cross-section. 




























Figure 89.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium iodide --approximately 1/4 of the way through the cross-
section. 
Table 34.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium iodide --approximately 1/4 of the way through the cross-
section. 




























Figure 90.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium iodide --midway through the cross-section. 
Table 35.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium iodide --midway through the cross-section. 




























Figure 91.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Hexadecyltrimetylammonium chloride --close to edge of cross-section. 
Table 36.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Hexadecyltrimetylammonium chloride --close to edge of cross-section. 
































Figure 92.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Hexadecyltrimetylammonium chloride --approximately 1/4 of the way through the 
cross-section. 
Table 37.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Tetrabutylammonium iodide --approximately 1/4 of the way through the cross-
section. 






























Figure 93.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Hexadecyltrimetylammonium chloride--midway through the cross-section. 
Table 38.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Hexadecyltrimetylammonium chloride--approximately 1/4 of the way through the 
cross-section. 






























Figure 94.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Aliquat 336 (12 h azidation)--close to edge of cross-section. 
Table 39.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Aliquat 336 (12 h azidation)--close to edge of cross-section. 




























Figure 95.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Aliquat 336 (12 h azidation)--approximately 1/4 of the way through the cross-
section. 
Table 40.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Aliquat 336 (12 h azidation)--approximately 1/4 of the way through the cross-
section. 




























Figure 96.  XPS spectra of cross-sectioned azidated ET as a function of PTC. 
Aliquat 336 (12 h azidation)--midway through the cross-section. 
Table 41.  XPS integration for cross-sectioned azidated ET as a function of PTC. 
Aliquat 336 (12 h azidation)-- midway through the cross-section. 











 The same azidation conditions used for medical tubing were also successfully 
applied to food-grade flexible PVC tubing (3/8” i.d., ½” o.d., SM Intrade), as demonstrated 
in Figure 97. This functionalized tubing showed some signs of inhomogeneity, with light 



















Figure 97.  IR of food grade PVC both before (blue) and after azidation (red) 
 
3.4.2 Whole tube modification 
 To apply the conditions developed above to whole tubing, rather than pieces cut 
from such tubing, a prototype reactor was constructed as depicted in Figure 98.  A whole 
catheter tube was fed through an Eldon James T06BN nylon T-joint connecter and encased 
in larger diameter (10 mm ID) silicone tubing, closed at the other end.  The other two ends 
of the T-joint were connected with Masterflex 96410-25 silicone tubing (4.8 mm ID), fed 
through a peristaltic pump. These materials showed no signs of sensitivity (discoloration, 
degradation, swelling, or hardening) upon exposure to the solution of sodium azide and 
Aliquat® 336 for at least one week at 80 °C. This system was filled with an aqueous 
solution (approximately 40 mL) of 2.9 M sodium azide and 51 mM Aliquat® 336.  The 
outer silicone tubing (containing the catheter tube to be modified) was submerged in an 80 
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°C water bath for 6 hours while the reaction solution was pumped through at a peristaltic 
pump setting of 170 mL/min. The catheter tubing was then removed from the system and 
was rinsed thoroughly with water.   
 
Figure 98.  Diagram of whole-tube azidation setup.  Green: catheter tubing to be 
azidated.  Blue: silicone tubing used to encase the catheter tubing and solution.  
Purple:  3-way connector, through which the catheter tubing is fed.  Orange: 
connective silicone tubing.  Arrows show fluid flow direction. 
 
 With this apparatus, 40-cm lengths of catheter tubing were exposed to a recirculating 
40 mL solution of 2.9 M sodium azide containing 51 mM Aliquat® 336, heated at 80 °C 
for 6 hours. A gradation of functionalization as assessed by IR was observed that matched 
the pattern of exposure to the circulating fluid. In its most intense areas, azides were 
installed at lower densities than for the experiments above on cut pieces of tubing, ascribed 
to a difference in the overall ratio of azide reactant to chloride substrate. 
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Figure 99.  IR spectrum for whole-tube azidation for the lower outside region. 
 
Figure 100.  IR spectrum for whole-tube azidation for the lower inside region. 
 
Figure 101.  IR spectrum for the whole-tube azidation for the mid-outside region. 
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Figure 102.  IR spectrum for the whole-tube azidation for the mid-inside region. 
 
Figure 103.  IR spectrum for the whole-tube azidation for the high-outside region. 
 
Figure 104.  IR spectrum for the whole-tube azidation for the high-inside region. 
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3.4.3 Copper(I)-catalyzed azide-alkyne cycloaddition to azidated substrates 
 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) was performed on 
azidated ET samples (prepared using optimized Aliquat® 336 conditions), followed by 
washing by sonication in water and analysis of the loss of azide by IR.  For the simple 
CuAAC reaction performed without accelerating ligands, the outcome depended largely 
on the nature of the alkyne substrate. Quaternary propargylic ammonium cation 1 (Figure 
105) was far more reactive than the others tested, achieving complete conjugation at 
room temperature within a few hours. The other small-molecule alkynes tested, 2-4, 
required a phase transfer catalyst and heating to facilitate a significant amount of ligation. 
As with azidation, a lower reaction temperature (60 °C) and shorter reaction time (4.5 h) 
limited further discoloration to a minimum, at the cost of incomplete azide consumption 
as assessed by IR (Figure 106). 
 
Figure 105. Alkynes used for CuAAC with ET.  
 110 
 
Figure 106.  Results of CuAAC reactions at varying temperatures with different 
alkyne substrates (5 mM) in an aqueous solution of 44 mM CuSO4 and 190 mM 
sodium ascorbate.  The color of each box approximates the color of the resulting 
tubing. The reaction outcome (“minimal,” “complete,” etc.) refers to the percent of 
PVC-azide IR signal that is diminished after the reaction, noting that exposure to 
the reaction conditions without alkyne gave no loss in this signal; numerical values 
are approximate (±10%). All reaction times were 4.5 hours with the exception of the 
quaternary amine 1, which was reacted overnight. Alkynes 2-4 were reacted in the 
presence of 21 mM Aliquat® 336. 
 
 
Figure 107.  Tubing samples (left to right): unmodified endotracheal tubing, 
azidated (80 °C, 12 h), CuAAC with 2 (60 °C, overnight), cyanated (80 °C, 3 days), 
and pentafluorobenzyl tetrazole functionalized via tetrazole. 
 The fate of the plasticizer imposed strict limits on the CuAAC conditions. For 
example, triazole linkages were formed somewhat more efficiently in a 1:8 MeOH/H2O 
mixture, but the tubing emerged from this reaction with a significant loss in mechanical 
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flexibility.  Small amounts of DMF were tolerated and improved the CuAAC reaction of 
alkyne 2, but this effect was not general.  Residual copper that sometimes remained on the 
PVC tubing after CuAAC conjugation (as indicated by XPS) was easily removed by rinsing 
sequentially with 0.1M EDTA and water.  Variation in solution pH was explored for alkyne 
4 and was found to have little effect in the range of 6-9.   










PTC or ligand and 
concentration 
Extent of reaction (reduction 
in azide peak intensity by IR) 
A1, 5 mM 44 190 H2O RT ------ Appears complete 
A2, 8 mM 73 337 1:5 DMF/H2O 60 °C Aliquat 336, 21 mM 81% 
A3, 7.5 mM 235 442 H2O 80 °C TBTA-COOH, 68% 
A3, 7.5 mM 235 442 H2O 80 °C Aliquat 336, 21 mM 74% 
A3, 7.5 mM 235 442 H2O 80 °C TPPB, 29 mM 71% 
A3, 9 mM 80 367 1:10 DMF/H2O 60 °C Aliquat 336, 38 mM 76% 
A3, 5 mM 44 190 PBS, pH 6 60 °C Aliquat 336, 21 mM 95% 
A3, 5 mM 44 190 PBS, pH 7 60 °C Aliquat 336, 21 mM 83% 
A3, 5 mM 44 190 PBS, pH 8 60 °C Aliquat 336, 21 mM 93% 
A3, 5 mM 44 190 PBS, pH 9 60 °C Aliquat 336, 21 mM 96% 
A4, 5 mM 44 202 H2O 60 °C Aliquat 336, 21 mM 98% 
RT = Room Temperature, PBS = Phosphate Buffered Saline, DMF = N,N-Dimethylformamide, TPPB = Tetraphenylphosphonium 
bromide, TBTA-COOH = 4,4',4''-(((nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-diyl))tris(methylene))tribenzoic acid. 
 
 
Figure 108.  IR spectrum demonstrating the effect of pH on CuAAC reaction 
through the reduction of the azide peak. 
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Figure 110.  XPS spectrum for azidated ET clicked with QA alkyne (1) 
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Table 43.  XPS integration for azidated ET clicked with QA alkyne (1) 













Figure 111.  Nitrogen XPS spectrum for azidated ET clicked with QA alkyne (1) 
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Figure 112.  IR spectrum for ET clicked with perfluoro alkyne (2) 
 
Figure 113.  XPS spectrum for ET clicked with perfluoro alkyne (2) 
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Table 44.  XPS integration for azidated ET clicked with perfluoro alkyne (2) 


















Figure 115.  IR spectrum for azidated ET clicked with PEG2000 alkyne (3) 
 
Figure 116.  XPS spectrum for azidated ET clicked with PEG2000 alkyne (3) 
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Table 45.  XPS integration for azidated ET clicked with PEG2000 alkyne (3) 















Figure 117.  Nitrogen XPS spectrum for azidated ET clicked with PEG2000 alkyne (3) 
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Figure 118.  IR spectrum for azidated ET clicked with pyridinium alkyne (4) 
 




Table 46.  XPS integration for azidated ET clicked with pyridinium alkyne (4) 












Figure 120.  Nitrogen XPS spectrum for azidated ET clicked with pyridinium 
alkyne (4) 
 
3.4.4 Tetrazole formation from cyanated substrates 
 To demonstrate the applicability of phase transfer catalysis to the displacement of 
chloride with other nucleophiles, cyanide was used in place of azide under otherwise 
identical conditions. The characteristic IR signal for cyanide (~2200 cm-1) is much weaker 
than for azide, so only a few PTC candidates generated enough reactivity to be easily 
visible by IR.  As with azide, Aliquat® 336 was found to give good and even substitution 
with retention of tubing flexibility.  
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Table 47.  XPS summary for ET cyanated with various PTCs 
 
 
Figure 121.  IR spectrum for ET cyanated with cetylpyridinium chloride 
 %C %O %Cl %Si %Ca %N %Na 
Aliquat 336 82.29 10.84 0.51 3.17 ND 3.19 ND 
Tetrabutylammonium 
cyanide 
78.95 11.82 3.43 2.16 1.73 1.91 ND 
Cetylpyridinium 
chloride 
84.8 7.71 0.85 1.13 0.64 4.27 0.61 
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Figure 122.  XPS spectrum for ET cyanated with cetylpyridinium chloride 
Table 48.  XPS integration for ET cyanated with cetylpyridinium chloride 















Figure 123.  Nitrogen XPS spectrum for ET cyanated with cetylpyridinium chloride 
 
Figure 124.  IR spectrum for ET cyanated with tetrabutylammonium cyanide 
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Figure 125.  XPS spectrum for ET cyanated with tetrabutylammonium cyanide 
Table 49.  XPS integration for ET cyanated with tetrabutylammonium cyanide 












Figure 126.  Nitrogen XPS for ET cyanated with tetrabutylammonium cyanide 
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Figure 127.  IR spectrum for ET cyanated with Aliquat 336 
 
Figure 128.  XPS spectrum for ET cyanated with Aliquat 336 
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Table 50.  XPS integration for ET cyanated with Aliquat 336 











Figure 129.  Nitrogen XPS spectrum for ET cyanated with Aliquat 336 
 Representative cyanated endotracheal tubing (prepared by reaction of pieces of 
tubing with 450 mM NaCN and 9 mM Aliquat® 336 at 80°C for 48h) were subjected to 
485 mM sodium azide and 440 mM zinc bromide in water at 100 °C for 72 h to form 5-
substituted 1H-tetrazoles76 on the material surface. These samples outgassed rapidly when 
subjected to XPS analysis, which suggests tetrazole formation, as both azide and cyano 
modification to the PVC are at least somewhat tolerant of x-ray analysis for a limited 
number of scans..  These samples were then immersed in a solution of 360 mM potassium 
carbonate and 48 mM 2,3,4,5,6-pentafluorobenzyl bromide, and shaken at 80 °C overnight.  
After washing, IR and XPS analysis showed some evidence of covalent fluoride attachment 
(fluoride percentage of 19.26% via XPS integration) but the samples were very dark and 
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unpliable. To account for non-covalent adhesion of the perfluoro compound, a control 
sample was subjected to the exact same conditions except without potassium carbonate, 
and demonstrated a much lower fluoride percentage via XPS integration (3.62%). 
 
Figure 130.  XPS survey spectrum for cyanated ET reacted with sodium azide and 
zinc bromide to form a 1H-tetrazole, then reacted with potassium carbonate and 
2,3,4,5,6-pentafluorobenzyl bromide to make the alkylated tetrazole 
Table 51.  XPS integration for cyanated ET reacted with sodium azide and zinc 
bromide to form a 1H-tetrazole, then reacted with potassium carbonate and 
2,3,4,5,6-pentafluorobenzyl bromide to make the alkylated tetrazole 











Figure 131.  XPS survey spectrum for control sample, subject to the same conditions 
for substituted tetrazole formation but without base. 
Table 52.  XPS survey integration for control sample, subject to the same conditions 
for substituted tetrazole formation but without base. 












3.4.5 Characterization of material properties after modification 
 Successful attachment of new functional groups by azidation and CuAAC ligation 

















after reaction with ammonium (1, 4) and pegylated (3) alkynes, but not with 
perfluoroalkylamide 2.  
Table 53.  Contact angle measurements for unmodified and modified ET and CT 
Type of Tubing 
Contact angle 
(degrees) 
Type of Tubing 
Contact angle 
(degrees) 
ET unmodified 85.95 ± 11.3 CT unmodified 94.2 ± 10.4 
ET azidated 64.2 ± 7.4 CT azidated 88.4 ± 6.0 
ET cyanated 89.5 ± 1.2 CT cyanated 94.5 ± 18.9 
ET post-CuAAC (PEG2000 alkyne 
3) 
43.8 ± 5.8 
CT post-CuAAC (PEG2000 
alkyne 3) 
50.3 ± 5.8 
ET post-CuAAC (perfluorinated 
alkyne 2) 
85.1 ± 1.0 
CT post-CuAAC 
(perfluorinated alkyne 2) 
91.8 ± 8.1 
ET post CuAAC (quaternary amine 
alkyne 1) 
68.6 ± 8.2 
CT post CuAAC 
(quaternary amine alkyne 
1) 
48.1 ± 7.8 
ET post CuAAC (pyridinium 
alkyne 4) 
57.4 ± 5.8 
CT post CuAAC 
(pyridinium alkyne 4) 
59.8 ± 16.7 
 
 Detailed thermal gravimetric, differential scanning calorimetry, and nanoindentation 
analysis were performed on a variety of sample. An invariant TGA trace for representative 
samples of each modification was observed, with the unmodified tubing showing an initial 
thermal transition at approximately 50°C higher temperature (310°C vs. 260°C).  
 


























The same behavior was observed after incubation of fresh tubing with Aliquat 336 
at elevated temperature, and thus probably reflects a minor change in plasticizer or water 
content.  
 
Figure 133.  TGA of ET incubated in water and in water with PTC, but without 
presence of nucleophile 
 Azidation was found to be minimally disturbing to the mechanical properties of the 
material, giving similar values of hardness and Young’s modulus as the original tubing. 
However, both parameters were significantly different (harder and less deformable) after 





















PVC heated in water
PVC heated in water with
Aliquat
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 Scanning electron microscopy of endotracheal and catheter tubing showed minimal 
changes after azidation, and different cracked (1, 2, 4) or patterned (3) surface 
morphologies following CuAAC attachment of the different alkynes.  
 
Figure 134.  SEM images of endotracheal tubing after the indicated treatment. 
Magnification of top and bottom images: unmodified = 350x, 1000x; azidated = 
350x, 1000x; CuAAC of alkyne 1 = 270x, 4000x; CuAAC of alkyne 2 = 350x, 950x; 
CuAAC of alkyne 3 = 370x, 1000x; CuAAC of alkyne 4 = 350x, 1000x. 
Type of Tubing Hardness (MPa) Young’s modulus (MPa) 
ET unmodified 3.8 ± 0.6 67.6 ± 9.1 
ET azidated (12 h, Aliquat 336) 3.1 ± 0.8 50.4 ± 12.8 
ET cyanated (72 h, Aliquat 336) 6.8 ±3.8 31.9 ±12.6 
ET post CuAAC (quaternary amine 
alkyne 1) 
18.1 ± 5.4 164.4 ±43.6 
ET post-CuAAC (perfluorinated alkyne 
2) 
6.5 ± 2.0 40.0 ± 9.7 
ET post-CuAAC (PEG2000 alkyne 3) 8.9 ± 2.7 38.7 ± 8.5 
ET post CuAAC (pyridinium alkyne 4) 21.6 ± 0.8 168.3 ± 23.4 
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Figure 135.  SEM images of catheter tubing after the indicated treatment. 
Magnification of top and bottom images: unmodified = 350x, 1000x; azidated = 
370x, 900x; CuAAC of alkyne 1 = 350x, 1000x; CuAAC of alkyne 2 = 370x, 1000x; 
CuAAC of alkyne 3 = 350x, 1000x; CuAAC of alkyne 4 = 370x, 1000x. 
These changes were induced only under active CuAAC conditions; for example, omission 
of the alkyne in the reaction mixture gave no change in surface morphology showing that 
the copper ion, ascorbate, and reactive oxygen species generated in air55 do not visibly 
damage the azidated PVC surface.  
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Figure 136.  SEM images of ET treated with CuAAC solvents and reagents, 
demonstrating surface deformations are only occurring when CuAAC is 
transpiring. 
Atomic force microscopy shows that modified surfaces appear more uniform than 
the original PVC, however, there is little apparent difference between the azidated and 
clicked surfaces, as displayed in Figure 137. 
 133 
 
Figure 137.  AFM images of the PVC surfaces for ET before and after modifications 
and average roughness for each surface. 
3.5 Discussion 
Azidation and CuAAC facilitated via a phase-transfer catalyst allows for the direct 
modification of flexible PVC while still maintaining key properties, including flexibility 
and some transparency, although with discoloration.  The nature of the phase transfer 
catalyst itself appears to be important in its efficacy, as well as the tendency of the phase 
transfer catalyst to adhere to the polymer surface, only to be removed through extensive 
rinsing.  In general, large, bulkier phase transfer catalysts conferred the most azidation, 
although it should be noted that for some applications, a maximal amount of azidation may 
not be needed (if a lower surface density of the triazole product is sufficient for the 
application) and use of a weaker phase transfer catalyst may be desirable if it reduces 
discoloration.  These phase transfer catalysts also worked to facilitate the substitution of 
another small nucleophile, cyanide, which suggests a general applicability of this 
methodology to the substitution of other small nucleophiles. 
CuAAC on the material surface allowed for the functionalization of the azidated 
PVC, however, CuAAC also conferred additional discoloration and measurably different 
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hardness, although the plastic remained pliably flexible.  Via SEM, cracking was observed 
for clicked PVC, although it is suspected that this cracking may be able to be mitigated 
through a lower surface density of azidation and triazole formation. 
3.6 Conclusion 
 The substitution of azide for chloride, and the subsequent addressing of the resulting 
organic azide groups with alkynes, have been described before by several 
investigators.64,65,66,67,68,69 However, no studies have so far appeared on the modification of 
commercial PVC tubing, for which medical applications are particularly important and 
dependent on the mechanical properties of the material. Azidation and CuAAC reactions 
are shown here to be practical for the surface derivatization of commercial PVC tubing, 
with some challenges remaining in retaining flexibility and translucency. Various phase-
transfer catalysts were found to give different results, suggesting that future exploration of 
this and other parameters may provide further improvements. X-ray photoelectron 
spectroscopy analysis revealed for the first time that phase-transfer-assisted azidation 
occurred only in the outermost thin layer of the tubing, making potential covalent 
immobilization of plasticizing molecules in the bulk of the material64,65  impractical, but 
also suggesting that fast surface chemistry may beat the speed of plasticizer leaching. 
Characterization by contact angle measurement, TGA, nanoindentation, and SEM provided 
a good picture of the properties and surface architecture, although the density of 
functionalization remains to be established. Plasticizer loss was found to be a greater 
problem for cyano group modification, as conversion to surface alkylated tetrazoles 
resulted in greater loss of mechanical flexibility than triazole formation from azides.  
Future work to attach antimicrobial groups that could either kill bacteria or reduce their 
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adhesion to the plastic would make this methodology particularly relevant to a clinical 
setting. 
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CHAPTER 4. COVALENT FUNCTIONALIZATION OF SU-8 
NEGATIVE PHOTORESIST VIA COPPER(I) CATALYZED 
AZIDE ALKYNE CYCLOADDITION 
4.1 Abstract 
SU-8 negative photoresist is a polymer used primarily for electronics and 
microelectromechanical systems.  In recent years, there has been great interest in making 
use of remaining epoxide functionality to chemically modify SU-8;  click chemistry could 
provide a facile means to create diverse functionality on SU-8.  SU-8 photoresist was 
photocrosslinked and patterned with an easily constructed lab setup of a hot plate, a vacuum 
oven, and a handheld UV lamp.  Subsequently, the SU-8 surface was azidated and 
underwent CuAAC with a variety of alkynes.  By clicking an ATRP initiator to the SU-8 
surface and subjecting the sample to ATRP conditions, polymerization was attempted from 
the polymer surface and some evidence of this polymerization was observed.  The SU-8 
surface was rendered cytotoxic toward E. coli DH5α cells by clicking on a basic quaternary 
ammonium alkyne.  Gram-positive S. aureus bacteria, cultured CHO cells and erythrocytes 
showed no ill effects upon exposure to this material.  This work opens up the SU-8 polymer 
to many potential applications enabled by the CuAAC reaction. 
4.2 Introduction to SU-8 negative photoresist 
SU-8 is a highly-crosslinked high-aspect-ratio negative photoresist reported in 
1989 by IBM, which results from the polymerization of bisphenol A glycidyl ether 
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novolac.77  SU-8 solutions are comprised of the SU-8 monomer, a photoinitiator 
(triarylsulfonium hexafluoroantimonate salts), and a solvent (usually either gamma-
butyrolactone or cyclopentanone).  The SU-8 polymer is biocompatible,78,79 thermally 
stable,80 chemically resistant, and has high transparency above 360 nm.81  Its applications 
thus far have largely been for microelectromechanical and microfluidic systems. 
 
          Figure 138.  SU-8 monomer. 
A number of approaches have been taken to chemically modify SU-8 through 
unreacted epoxides following polymerization and these approaches are summarized in 
Figure 139.  These modifications include polymerization directly from the SU-8 surface,82 
amination,83,84,85,86,87 acid-catalyzed epoxide ring opening and subsequent 
reaction.88,89,90,91,92,93   
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Figure 139.  Summary of previous SU-8 chemical modifications. 
Azides have been incorporated into SU-8 previously only through the incorporation 
of an azide-functionalized epoxide monomer,29 however this incorporation reduces the 
number of potential crosslinks within the material and could impact SU-8 polymer 
mechanical and structural properties.  Instead, a means to introduce azide functionality 
after polymerization is desirable.  Azide nucleophilic attack at epoxides is an old and highly 
reliable procedure, which is summarized in Figure 140.94,95,96,97 Here I describe the use of 
this reaction on photocrosslinked SU-8 and subsequent derivatization of the resulting 
surface-tethered organic azides. 
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Figure 140.  Summary of azide nucleophilic attack at epoxides from the literature. 
4.3 Experimental 
4.3.1 Printed photomasking 
Photomasks were designed on a computer and printed onto transparency paper, 
such that areas to be crosslinked had no ink, whereas areas to be without SU-8 material 
were entirely covered by layers of ink.  These printed photomasks facilitated 
photolithography without the need to spincoat the SU-8 sample onto a surface for 
photomasking.  Designs produced included Georgia Tech logos as well as grid patterns.  




Figure 141.  Examples of photomasked SU-8 patterns. 
4.3.2 Alkyne synthesis 
Unless otherwise noted, all reagents were purchased from commercial suppliers.  
Trimethylprop-2-yn-1-aminium iodide (referred to as quaternary ammonium or QA 
hereafter) was synthesized as described in Section 3.3.6.1.  Propargyl 2-bromo-2-
methylpropionamide was synthesized as described by Xu, Yuddin, and Yei.98 
4.3.3 XPS measurements 
X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific 
K-Alpha XPS with a monochromated Al Kα source, hemispherical analyzer, and 
multichannel detector.  Spectra were taken by normal emission, with analysis chamber 
pressure below 10-6 mbar with flood gun on and a spot size of 200 μm.  Survey scans were 
carried out as the average of 4 scans over the 0 to 1350 eV binding energy range with a 1.0 
eV step size, a 50 ms dwell time, and an analyzer pass energy of 200 eV.  High resolution 
scans of the N1s region (392-410 eV) were performed for samples that showed N1s content 
in the survey scan; these high resolution scans were carried out as the average of 4 scans 
over the range with a 0.1 eV step size, a dwell time of 50 ms, and an analyzer pass energy 
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set to 50 eV.  As azides are known to degrade over time under x-ray exposure,15 survey 
measurements of nitrogen content were made in a location adjacent to other measurement 
areas on the same sample.  Similarly, high resolution scans of the Br3d region (62-74 eV) 
were performed for samples that showed Br3d content in the survey scan; these high 
resolution scans were carried out as the average of 8 scans over the range with a 0.1 eV 
step size. 
4.3.4 SEM 
Scanning electron microscope (SEM) images were taken on a Hitachi S-3700N 
Variable Pressure SEM.  Samples were thinly sliced and adhered to the sample plate, with 
a copper tape bridge between the surface of the material and the plate to reduce sample 
charging.  Depending on the conditions used, some samples showed evidence of 
degradation over time during the SEM process in the area that the electron beam analyzed; 
variations in conditions used across samples were used to minimize this degradation.  The 
majority of samples were run at 15 kV at 70 Pa or less of vacuum.   
4.3.5 Atomic Force Microscopy (AFM) 
Atomic Force Microscopy was performed on a Veeco Dimension 3100 AFM with 
a 40N/m, 300kHz, symmetric tip. 
4.3.6 Contact angle measurements 




4.3.7 Bacterial Culture and Growth 
E. coli DH5α were grown from a frozen glycerol stock in sterile LB.  Bacteria were 
grown to confluence overnight, spun down and resuspended in an equal volume Dulbecco’s 
phosphate buffered saline (PBS) without calcium and magnesium.  This was diluted by a 
factor of 10 and mixed with Sytox Red at a concentration of 1 μL / mL.  Then, 600 μL of 
this was applied directly to the substrate surface.    
S. aureus Xen 29 were grown from a frozen glycerol stock in sterile LB with 100 
μL / mL kanamycin.  Bacteria were grown to confluence overnight, spun down and 
resuspended in an equal volume of Dulbecco’s PBS without calcium and magnesium.  This 
was diluted by a factor of 10 and mixed with Sytox Red at a concentration of 1 μL / mL.  
Then, 600 μL of this was applied directly to the substrate surface. 
4.3.8 Red blood cell isolation 
Freshly drawn whole human blood (with EDTA) (3 mL) was spun down at 150xg 
for 15 minutes without breaking.  The plasma and buffy coat layers were removed and the 
red blood cells were washed thrice with sterile PBS (with 1.5 mg / mL EDTA), inverting 
gently each time to mix and spinning down at 150xg for 15 minutes.  From the red blood 
cell concentrate, 8 μL was added gently to 40 mL of PBS with EDTA and was gently 
mixed.  This dilute solution was used for incubation studies within five hours of the blood 
being drawn from the donor.  For incubation, 5 mL of the dilute solution was used to cover 
SU-8 substrates in 6-well flat bottomed dishes, and was left undisturbed for 1 hour at room 
temperature. 
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4.3.9 Chinese Hamster Ovary (CHO) cell growth 
CHO cells, obtained from ATCC, were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM), supplemented with pen/strep, sodium pyruvate and glutamax-1 (all 
three at 1X final concentration), and 10% FBS. For microscopy, cells in the supplemented 
DMEM were deposited onto SU-8 substrates in 6-well flat bottom dishes and grown for 24 
hours at 37° C and 5% CO2. 
4.3.10 Microscopy 
Microscope images were taken on a Nikon Ti-U inverted microscope. Images were 
processed with ImageJ software.  
4.3.11 Fluorescence quantitation 
The fluorescence intensity per unit area was calculated in ImageJ software by tracing 
the polymer edge and comparing this intensity on the polymer to the intensity per unit area 
off the polymer. 
4.3.12 Methyl Methacrylate (MMA) Polymerization from the SU-8 surface 
To polymerize methyl methacrylate (MMA) from the surface, similar to the 
literature procedure of Xu et. al.,98 MMA monomer (1.69 mL, 15.9 mmol) and copper(I) 
bromide (22 mg, 0.15 mmol) were combined in isopropyl alcohol (15 mL).  Argon was 
bubbled through the solution for 10 minutes.  Tris[2-(dimethylamino)ethyl]amine (Me6-
TREN) (48 μL, 0.3 mmol) was added to the solution and stirred for 20 minutes.  The 
substrate with attached clickable intiator was then added and shaken gently on an orbital 
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shaker for 10 minutes at 80 °C.  Finally, sodium ascorbate (30 mg, 0.15 mmol) was added 
and the solution was shaken gently on an orbital shaker at 80 °C for 4 hours.  After 4 hours, 
the sample had detached from the surface.  Sample was rinsed with water and methanol, 
and immersed in 0.1 M EDTA for approximately 2 minutes.  This was then rinsed again 
with water and methanol.   
4.3.13 4-Vinylpyridine Polymerization from the SU-8 surface 
To polymerize 4-vinylpyridine (4VP) from the surface, similar to the method 
described by Tsarevsky et. al.,99 4-vinylpyridine (1.5 mL, 13.9 mmol) was dissolved in 15 
mL of a 1:1 methanol / water mixture.  Argon was bubbled through the solution for 10 
minutes.  Copper(I) bromide (22 mg, 0.153 mmol), tris(2-pyridylmethyl)amine (80 mg, 
0.276 mmol), and sodium ascorbate (20 mg, 0.101 mmol) were added gently shaken.  The 
substrate with attached clickable initiator was then added and the container blanketed with 
argon and sealed.  The solution was gently shaken on an orbital shaker for 12 hours at 30 
°C.  Upon removal of sample from solution, a color change was noted (clear / white to 
brown).  The sample was rinsed with methanol and water, then submerged in a 0.1 M 
EDTA solution for approximately 15 minutes.   
4.4 Results 
4.4.1 Azidation of SU-8 
Several procedures exist in the literature for epoxide ring opening with azides, as 
detailed in Section 4.2, although these have not yet been applied to the unreacted epoxides 
present on the surface of the SU-8 polymer.  Azidation was attempted with several of these. 
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For each sample, SU-8 polymer was deposited as small drops onto a glass coverslip.  
A stream of argon gas was used to spread the SU-8 solution across the coverslip surface 
into a thin layer.  This was exposed to long-wavelength UV light for 30 minutes, then dried 
in a vacuum oven overnight.  Azidation conditions attempted are detailed in Table 55.  
Following exposure to the conditions listed in the table, all samples were rinsed, then dried 
in a vacuum oven. 
Table 55.  Azidation conditions screened for azidating SU-8 substrates. 
Conditions Outcome 
480 mM NaN3 (1 eq) 
240 mM oxone (0.5 eq) 
8 mL H2O / MeCN (1:9) 
Shaken on shaker plate 
Stopped at 3 hours 
No clear and distinct azidation as 
determined by both survey and 
nitrogen region XPS scans 
480 mM NaN3 (1 eq) 
240 mM oxone (0.5 eq) 
20 mM TBAB (0.04 eq) 
8 mL H2O / MeCN (1:9) 
Shaken on shaker plate 
Stopped at 3 hours 
Azidation evident via XPS survey 
(2.5% N) and nitrogen scans  
480 mM NaN3 
8 mL pH 9 phosphate buffer 
Shaken on shaker plate 
Stopped at 3 hours 
Not clear if azidation had occurred 
from XPS survey (1.7% N) and 
nitrogen scans 
480 mM NaN3 (1 eq) 
240 mM NH4Cl (0.5 eq) 
8 mL of MeOH / H2O (8:1) 
Heated to 80°C for 3 hours while 
shaking on shaker plate 
Sample detached from glass surface.  
Clear azidation had occurred from 




Figure 142.  XPS spectrum for SU-8 sample treated to azidation conditions of 480 
mM NaN3 and 240 mM oxone in 8 mL of water / acetonitrile (1:9) for 3 hours. 
Table 56.  XPS integration table for SU-8 samples treated to azidation conditions of 
480 mM NaN3 and 240 mM oxone in 8 mL of water / acetonitrile (1:9) for 3 hours. 

























Figure 143.  XPS nitrogen spectrum for SU-8 samples treated to azidation 
conditions of 480 mM NaN3 and 240 mM oxone in 8 mL of water / acetonitrile (1:9) 
for 3 hours. 
 
 
 Figure 144.  XPS spectrum for SU-8 samples treated to azidation conditions 
of 480 mM NaN3, 240 mM oxone, and 20 mM TBAB in 8 mL of water / acetonitrile 





































Table 57.  XPS integration table for SU-8 samples treated to azidation conditions of 
480 mM NaN3, 240 mM oxone, and 20 mM TBAB in 8 mL of water / acetonitrile 
(1:9) for 3 hours. 








Figure 145.  XPS nitrogen spectrum for for SU-8 samples treated to azidation 
conditions of 480 mM NaN3, 240 mM oxone, and 20 mM TBAB in 8 mL of water / 




















Figure 146.  XPS spectrum for SU-8 samples treated to azidation conditions of 480 
mM NaN3 in pH = 9 sodium phosphate buffer. 
Table 58.  XPS integration table for SU-8 samples treated to azidation conditions of 
480 mM NaN3 in pH = 9 sodium phosphate buffer.  (Note:  Starred peaks were 
integrated by the XPS software, although at the particular peak, the instrument was 
unable to discern between noise in the signal and an actual peak.) 





























Figure 147.  XPS nitrogen spectrum for SU-8 samples treated to azidation 
conditions of 480 mM NaN3 in pH = 9 sodium phosphate buffer. 
 
Figure 148.  XPS spectrum for SU-8 samples treated to 480 mM NaN3 and 240 mM 







































Table 59.  XPS survey integration for SU-8 samples treated to 480 mM NaN3 and 
240 mM NH4Cl in 8 mL of methanol / water (8:1).  








Figure 149.  XPS nitrogen spectrum for SU-8 samples 480 mM NaN3 and 240 mM 
NH4Cl in 8 mL of methanol / water (8:1). 
This screening demonstrates the successful azidation of SU-8 by more than one 
means, however, the route which azidated with sodium azide and ammonium chloride was 
selected for further optimization and consideration. 
4.4.1.1 Optimized Deposition and Azidation 
Based on initial screening, azidation was most readily achieved with the SU-8 


















standard protocol to address detachment issues, which is detailed as follows:  Indium-tin-
oxide (ITO) coated glass (1.5 mm thickness) was etched with argon plasma, then baked for 
5 minutes at 95 °C on a hot plate.  SU-8 was deposited onto the ITO coated glass.  A glass 
cover slip was used to spread the SU-8 into a thin layer on the ITO glass.  This was baked 
in a vacuum oven at 65°C for 5 minutes, then exposed to long-wave UV light for 10 minutes 
(under a standard lab TLC analysis lamp secured to the roof of a cardboard box, so as to 
provide a dark environment otherwise) through the printed photomask detailed in Section 
4.3.1.  The coated glass was placed on a 95 °C hot place for 3 minutes, then swirled in the 
SU-8 developer, 1-methoxy-2-propylacetate, which removed uncrosslinked monomer 
from the glass surface, while leaving cross-linked polymer intact.  Samples were rinsed 
with isopropyl alcohol, placed on the 95 °C hot plate for 2 minutes, then dried in the 65°C 
vacuum oven for 30 minutes.  (Note:  In general SU-8 polymers produced by this method 
exhibited clear features for patterns, particular at the center of the slide, however, at times 
the edges of the polymerized surface appeared slightly distorted following development, 
which suggests poor crosslinking at this area.  This was remedied through a slightly longer 
crosslinking time and shortening the distance between the sample and the long-wave UV 
source; the distance used for most samples was approximately 5 inches.) 
The samples were then immersed in a solution comprised of 460 mg of sodium azide 
(final concentration 0.26 M) and 375 mg of ammonium chloride (final concentration 0.26 
M) dissolved in a methanol / water mixture (8:1, 24 mL and 3 mL) and, then heated to 60 
°C for 30 minutes while gently shaking on an orbital shaker.  These samples were rinsed 
thoroughly with water and methanol, then immediately dried. (Note:  Leaving samples to 
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air-dry rather than drying immediately with a KimWipe resulted in greater detachment of 
the polymer from the ITO surface).   
 
Figure 150.  XPS spectrum for azidated SU-8 prepared through the optimized 
deposition and azidation. 
Table 60.  XPS integration for azidated SU-8 prepared through the optimized 
deposition and azidation 




























Figure 151.  XPS nitrogen spectrum for azidated SU-8 prepared through the 
optimized deposition and azidation. 
 
Figure 152.  XPS carbon spectrum for azidated SU-8 prepared through the 





































4.4.2 CuAAC on azidated SU-8 substrates 
A number of different alkyne substrates were attached to the SU-8, including a 
quaternary ammonium cation, propargyl alcohol, TAMRA-alkyne dye, and an ATRP 
initiator that was then subject to subsequent graft-from ATRP conditions with methyl 
methacrylate and 4-vinyl pyridine.  These alkynes, and the subsequent reactions (if any) 
were chosen to demonstrate the wide array of functionality that could be conferred to the 
SU-8 by functionalizing with CuAAC. 
4.4.2.1 CuAAC of Quaternary Ammonium Cation onto SU-8 surface 
To attach trimethylprop-2-yn-1-aminium iodide to the SU-8 surface via CuAAC, 
20 mg of the quaternary ammonium salt, 44 mg of copper sulfate, and 160 mg sodium 
ascorbate were dissolved in 20 mL water.  The azidated SU-8 substrate was then submerged 
in the solution and shaken gently for 2 hours at room temperature on an orbital shaker plate.  
The sample was then removed and rinsed with water and methanol, then submerged for 15 
minutes in a 0.1 M EDTA solution.  The sample was then rinsed with water and methanol 
and was immediately dried. 
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Figure 153.  XPS spectrum for azidated SU-8 subject to CuAAC with 
trimethylprop-2-yn-1-aminium iodide. 
Table 61.  XPS integration for azidated SU-8 subject to CuAAC with trimethylprop-
2-yn-1-aminium iodide. 




























Figure 154.  XPS nitrogen spectrum for azidated SU-8 subject to CuAAC with 
trimethylprop-2-yn-1-aminium iodide. 
 









































4.4.2.2 CuAAC of Propargyl Alcohol ono the SU-8 surface 
Propargyl alcohol (PA) (200 μL, 3.47 mmol) was clicked onto azidated SU-8 with 
copper sulfate (22 mg, 0.14 mmol), sodium ascorbate (160 mg, 0.81 mmol), and 
tetrabutylammonium bromide (10 mg, 0.03 mmol) in 20 mL water.  This was reacted for 
2 hours at room temperature while shaking gently on an orbital shaker, rinsed thoroughly 
with water and methanol, rinsed in 0.1 M EDTA, and rinsed again with water and methanol.  
This was dried immediately and was analyzed via XPS.   
 
Figure 156.  XPS survey spectrum for azidated SU-8 clicked with propargyl alcohol. 
Table 62.  XPS survey integration for azidated SU-8 clicked with propargyl alcohol. 



























Figure 157.  Nitrogen XPS scan for azidated SU-8 clicked with propargyl alcohol. 
 
4.4.2.3 CuAAC of TAMRA-alkyne onto SU-8 surface 
To attach a TAMRA-alkyne to the SU-8 surface via CuAAC, 10 μL of the alkyne 
dye at 1.67 mg / mL in ethanol, 2 mg copper sulfate, and 8 mg of sodium ascorbate were 
dissolved in 15 mL water.  To this, an azidated substrate was added.  This was protected 
from light by wrapping the containers in aluminum foil and shaken gently at room 
temperature for 2 hours.  The substrate was removed from the solution, and rinsed with 
methanol, water, and was rinsed by immersing and swirling in a solution of approximately 
100 mg cetylpyridinium chloride in 10 mL water.  It was again rinsed with water and 






















no copper was added to the CuAAC solution.  Fluorescent microscopy images were taken 
of both the control and clicked sample, which can be found in Figure 158. 
 
Figure 158.  All scale bars are 200 microns.  A)  Control:  Brightfield image of 
azidated SU-8, subjected to click conditions without the addition of copper, for a 
TAMRA-alkyne.  B)  Brightfield image of azidated SU-8, subjected to click 
conditions for a TAMRA-alkyne.  C)  Control:  Fluorescent image of azidated SU-8, 
subjected to click conditions without the addition of copper, for a TAMRA-alkyne.  




Figure 159.  Fluorescent intensity across Figure 158 images C and D. 
Figure 158 and Figure 159 demonstrates a significant difference in the fluorescent 
activity of D over C, which indicates that the fluorescent activity displayed in D is 
predominantly due to clicked attachment of the TAMRA dye, rather than the minute 
levels of nonconvalent adhesion displayed in C.  The greater fluorescent intensities at the 
edges is attributed to CuAAC of the TAMRA alkyne along the sloped sides of the 
material. 
4.4.2.4 CuAAC of ATRP initiator onto SU-8 surface and polymerization from surface 
 
Figure 160.  Structure of the clickable ATRP initiator, propargyl 2-bromo-2-
methylpropionamide 
To attach propargyl 2-bromo-2-methylpropionamide to the SU-8 surface via 
CuAAC, 8 mg of the clickable initiator, 2 mg copper sulfate, 8 mg sodium ascorbate, and 
10 mg tetrabutylammonium bromide were dissolved in 15 mL water and an azidated SU-
8 substrate was added.  This was shaken at room temperature for 2 hours gently on an 
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orbital shaker plate.  The sample was then removed and rinsed with water and methanol, 
then dried immediately.  Examples of XPS spectra for these samples can be found in Figure 
163 and Figure 164, which demonstrate the appearance of a bromide peak, as well as a 
peak on the carbon spectrum indicating presence of a carbonyl (~288-298 eV). 
 
Figure 161.  XPS spectrum for azidated SU-8 reacted via CuAAC with a clickable 
initiator, propargyl 2-bromo-2-methylpropionamide. 
Table 63.  XPS integration for azidated SU-8 reacted via CuAAC with a clickable 
initiator, propargyl 2-bromo-2-methylpropionamide. 


























Figure 162.  Nitrogen XPS spectrum for azidated SU-8 reacted via CuAAC with a 
clickable initiator, propargyl 2-bromo-2-methylpropionamide. 
 
 
Figure 163.  Bromine XPS spectrum for azidated SU-8 reacted via CuAAC with a 










































Figure 164.  XPS carbon spectrum for azidated SU-8 reacted via CuAAC with a 
clickable initiator, propargyl 2-bromo-2-methylpropionamide. 
These samples were then subject to ATRP conditions. 
For the polymerization of MMA from the SU-8 surface, XPS analysis shows 
depletion of bromide from the surface, better definition of carbonyl peak (~288-289 eV), 
as well as a difference in nitrogen signal, which may indicate that the polymerization 











Figure 165.  XPS spectrum for azidated SU-8 clicked with clickable initiator, then 
subject to ATRP conditions with MMA. 
Table 64.  XPS integration for azidated SU-8 clicked with clickable initiator, then 
subject to ATRP conditions with MMA. 

























Figure 166.  XPS nitrogen spectrum for azidated SU-8 clicked with clickable 
initiator, then subject to ATRP conditions with MMA. 
 
Figure 167.  XPS bromine spectrum for azidated SU-8 clicked with clickable 





































Figure 168.  XPS carbon spectrum for azidated SU-8 clicked with clickable initiator, 
then subject to ATRP conditions with MMA. 
 For the sample where 4-vinylpyridine was polymerized from the SU-8 surface, a 
color change from clear / white to brown was noted, and XPS analysis showed removal of 
the bromide peak.   
 
Figure 169.  Image of azidated SU-8, subjected to CuAAC with a clickable ATRP 
initiator, then subject to ATRP conditions with 4-vinyl pyridine.  The color of the 
sample changed from clear to brown during the reaction and could not be removed 





















Figure 170.  XPS survey spectrum for azidated SU-8 clicked with clickable initiator, 
then subject to ATRP conditions with 4VP. 
Table 65.  XPS survey spectrum integration for azidated SU-8 clicked with clickable 
initiator, then subject to ATRP conditions with 4VP. 
 





























Figure 171.  XPS nitrogen spectrum for azidated SU-8 clicked with clickable 
initiator, then subject to ATRP conditions with 4VP. 
 
Figure 172.  XPS bromine spectrum for azidated SU-8 clicked with clickable 








































Figure 173.  XPS carbon spectrum for azidated SU-8 clicked with clickable initiator, 
then subject to ATRP conditions with 4VP. 
4.4.3 Characterization of Materials 
4.4.3.1 Contact Angle 
Modifications made to the surface of SU-8 exhibited large changes in contact 
angle, from initially hydrophobic surfaces, to hydrophilic surfaces when charged groups 





















Table 66.  Measured contact angle for SU-8 substrates. 
Substrate Contact Angle 
Unmodified SU-8 79.0 ± 2.1 
Azidated SU-8 63.0 ± 4.3 
Azidated SU-8 clicked with quaternary amine 37.0 ± 12.2 
Azidated SU-8 clicked with ATRP initiator 49.2 ± 7.7 
Azidated SU-8 clicked with ATRP initiator and 
subjected to polymerization conditions with MMA 
71.5 ± 8.1 
Azidated SU-8 clicked with ATRP initiator and 
subjected to polymerization conditions with 4-
vinylpyridine.  Value in parenthesis represents 
Contact angle at pH = 3. 
50.0 ± 2.8 ( 
54.9 ± 5.6) 
Azided SU-8 clicked with propargyl alcohol 79.4 ± 2.9 
 
4.4.3.2 Scanning Electron Microscopy 
Unmodified SU-8 as viewed by SEM is relatively smooth, with only a few small 
raised bumps extending from the surface. 
 
Figure 174.  SEM images for unmodified SU-8. 
For samples that were azidated, the surface appeared relatively smooth, with only 
a few more raised blemishes on the surface as visual by observation under SEM. 
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Figure 175.  SEM images of azidated SU-8. 
For samples azidated and clicked with quaternary amine, more small raised areas 
were present, and some cracking was visible near polymer edges. 
 
Figure 176.  SEM images of azidated SU-8 clicked with quaternary amine. 
For samples azidated and clicked with the clickable initiator, SEM images of the 
surface show small raised areas and some cracking, as displayed in Figure 177.   
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Figure 177.  SEM images of azidated SU-8 reacted via CuAAC with a clickable 
initiator, propargyl 2-bromo-2-methylpropionamide. 
For samples that were subjected to polymerization conditions with 4VP, SEM 
images showed less apparent cracking than samples that had not been subjected to 
polymerization conditions, which may suggest a successful polymerization from the 
surface.  
 
Figure 178.  SEM images from azidated SU-8 clicked with clickable initiator, then 




4.4.4 Biological Interactions with CuAAC-modified SU-8 
4.4.4.1 Mammalian Cell Toxicity 
Substrates (azidated and azidated clicked with quaternary ammonium cation) were 
immersed in a solution of freshly split CHO cells in supplemented DMEM media.  These 
were incubated for 24 hours.   The cells were then evaluated under a microscope to access 
morphology.  The cells all demonstrated typical morphology and normal adherence to the 
surface, with no indications of cell death when subjected to Sytox Red to label dead cells, 
which suggests no evident toxicity of the surface to the cells. 
 
Figure 179.  Top left: Brightfield image of CHO cells on SU-8 substrate (bottom half 
of image).  Top right:  Fluorescent image of CHO cells on SU-8 substrate with Sytox 
red.  Bottom left:  Brightfield image of CHO cells on SU-8 substrate (top half of 
image).  Bottom right:  Fluorescent image of CHO cells on SU-8 substrate with 
Sytox red.  All scale bars are 200 μm. 
 
 176 
Red blood cells were also incubated with the substrates.  Cells were allowed to 
settle for 40 minutes, then incubated for 1 hour.  Erythrocytes which deposited onto the 
quaternary ammonium surface (and to some extent the azidated surface) exhibited Burr 
cell-like morphology, although not lysed (as evaluated by absorbance measurements at 414 
nm), while erythrocytes that deposited onto control slides with either plain ITO or azidated 
SU-8 clicked with propargyl alcohol exhibited typical morphology. Figure 180 depicts the 
erythrocyte morphology. 
 
Figure 180.  Brightfield images of red blood cells on SU-8 substrates at 100x whole 
field views. 
4.4.4.2 Bacteria Killing with Quaternary Ammonium Cation Substrates. 
Positively charged polymer surfaces have been noted to kill bacteria.100,101 
Following in this vein, as a demonstration for potential application, versatility, and 
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function, we clicked quaternary ammonium surfaces to the SU-8 surface and assessed the 
ability of this surface to kill bacteria. 
With E. coli DH5α, killing was observed on the quaternary ammonium surface after 
20 minutes to allow bacteria to settle and following a 60 minute incubation period, as 
depicted in Figure 181.  The bacterial killing ability of the quaternary ammonium SU-8 (as 
visualized with Sytox Red) was directly compared to azidated SU-8 clicked with propargyl 
alcohol, which exhibited only minor amounts of fluorescence. 
 
Figure 181.  All images at 60 minutes, following a 20 minute settling time.  All scale 
bars are 50 μm.  Top left:  Brightfield image of E. coli DH5α on ITO glass (left) and 
azidated SU-8 clicked with propargyl alcohol (right) with Sytox red.  Top right:  
Fluorescent image of E. coli DH5α on ITO glass (left) and azidated SU-8 clicked 
with propargyl alcohol (right) with Sytox red.  Bottom left:  Brightfield image of E. 
coli DH5α on ITO glass (left) and azidated SU-8 clicked with QA (right).  Bottom 
right:  Fluorescent image of E. coli DH5α on ITO glass (left) and azidated SU-8 
clicked with QA (right) with Sytox red. 
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After 20 minutes of settling and 270 or 330 minutes incubation time, fluorescence was 
observed for areas even without polymer, which was attributed to cells dying and rolling 
off the polymer surface to other areas of the slide, while the control sample exhibited little 
fluorescence, as displayed in Figure 182 and Figure 183. 
 
Figure 182.  All images at 270 minutes, following a 20 minute settling time.  All scale 
bars are 50 μm.  Top left:  Brightfield image of E. coli DH5α on ITO glass (left) and 
azidated SU-8 clicked with propargyl alcohol (right) with Sytox red.  Top right:  
Fluorescent image of E. coli DH5α on ITO glass (left) and azidated SU-8 clicked 
with propargyl alcohol (right) with Sytox red.  Bottom left:  Brightfield image of E. 
coli DH5α on ITO glass (left) and azidated SU-8 clicked with QA (right).  Bottom 
right:  Fluorescent image of E. coli DH5α on ITO glass (left) and azidated SU-8 
clicked with QA (right) with Sytox red. 
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Figure 183.  All images at 330 minutes, following a 20 minute settling time.  All scale 
bars are 50 μm  Top left:  Brightfield image of E. coli DH5α on ITO glass (left) and 
azidated SU-8 clicked with propargyl alcohol (right) with Sytox red.  Top right:  
Fluorescent image of E. coli DH5α on ITO glass (left) and azidated SU-8 clicked 
with propargyl alcohol (right) with Sytox red.  Bottom left:  Brightfield image of E. 
coli DH5α on ITO glass (left) and azidated SU-8 clicked with QA (right).  Bottom 
right:  Fluorescent image of E. coli DH5α on ITO glass (left) and azidated SU-8 
clicked with QA (right) with Sytox red. 
 
The intensity per unit area on and off the polymer was calculated for all DH5α 
images and demonstrates a significant difference between the polymer and ITO surface, 
however, it does not fully represent the total killing effect, as it is suspected that dead cells 
are detaching from the QA surface and are rolling onto bare ITO areas, thereby decreasing 




Figure 184.  Fluorescence quantitation for DH5α killing activity of quaternary 
amine SU-8. 
 
No significant killing was observed for S. aureus on the quaternary ammonium 
surface in comparison to the control azidated SU-8 surface that had been clicked with 










































































Figure 185.  All images at 330 minutes, following a 20 minute settling time.  All scale 
bars are 50 μm.  Top left:  Brightfield image of S. aureus on ITO glass (left) and 
azidated SU-8 clicked with propargyl alcohol (right) with Sytox red.  Top right:  
Fluorescent image of S. aureus on ITO glass (left) and azidated SU-8 clicked with 
propargyl alcohol (right) with Sytox red.  Bottom left:  Brightfield image of S. 
aureus on ITO glass (left) and azidated SU-8 clicked with QA (right).  Bottom right:  
Fluorescent image of S. aureus on ITO glass (left) and azidated SU-8 clicked with 
QA (right) with Sytox red. 
 
4.5 Discussion 
The process of forming patterned SU-8 polymer with the printed photomask, UV-
light, and hot plate then subjecting it to azidation and CuAAC in a laboratory setting 
(without a cleanroom) was relatively simple.  Some challenges arose, however, in obtaining 
good attachment to the ITO glass substrates, particularly after subjecting it to chemical 
processes, and the polymer itself was brittle and fragile. By reducing reaction time and 
temperature, these challenges were reduced, although still present.  Modified SU-8 
 182 
remained biocompatible, although a difference in erythrocyte morphology was observed 
on the surface decorated with a positive charge group. 
The attachment of a very simple positively charged quaternary ammonium group to 
the SU-8 surface had a significant killing effect for E.coli.  It could then be anticipated that 
the attachment of compounds or polymers reported to have stronger antibacterial activity 
would have an even greater effect and may be able to affect a broader set of bacterial 
strains, if such functionality was desired.  Other applications could include sensors and 
implantable electronics, which require new and chemically addressable materials to bring 
their technology to a wider array of uses and environments. 
  
4.6 Conclusions 
SU-8 is a negative photoresist useful for a number of applications including 
electronics and microelectromechanical systems.  By creating a route to derivitize SU-8 
for click chemistry, devising CuAAC conditions for a variety of alkynes, and addressing 
some of the challenges associated with these modifications, this work makes SU-8 
chemically addressable for a broader variety of uses, as desired by the user.  Assays with 
CHO cells and erythrocytes verifies that the modifications made (and in general, triazole 
formation) do not affect SU-8’s biocompatibility, which allows for use of this chemistry 
on SU-8 toward biological applications. 
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CHAPTER 5. OUTLOOK FOR FURTHER DEVELOPMENT 
5.1 Further Developments with Lipids 
One potential criticism of the works performed herein with lipids could be that the 
lipids used to understand CuAAC kinetics and behavior in and between membrane systems 
are quite dissimilar from biological lipids—namely that the synthesized lipids are lyso-like 
lipids (which do occur in nature, however, are less predominant in membranes than lipids 
with alkyl two-chains and have different rates of dissociation from membranes102,103,104,105) 
and positioned within the membrane by either quaternary ammonium cations or 
glycosylation.  Although the azidocoumarin indicator provided a useful tool to probe 
reactivity in and between membranes, future kinetic studies would benefit from the 
synthesis of more relevant click lipids, which could provide more information about the 
orientation of the lipids within the membrane.  Additionally, natural membranes contain 
cholesterol, a bidirectional regulator of membrane fluidity.  A more fluid membrane system 
as would be expected with cholesterol also would be expected to show an even faster rate 
for the intravesicular reaction between azide and alkyne lipids, which may provide further 
differentiation between the intravesicular and intervesicular reactions in- and between- 
lipid vesicles. 
5.2 Further Developments with PVC 
5.2.1 Surfaces to prevent biofouling 
With the ability to easily modify a flexible PVC surface while maintaining the 
material properties, it follows that this would have great applications for biofouling in 
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medical and marine industries.  By clicking on polymer functional groups known to have 
antifouling properties, a broad class of modified PVC derivatives can be created to allow 
for surfaces that can respond to biological encroachment in a variety of ways, either 
repelling or killing on contact.  Examples of moieties to be clicked on include polymeric 
quaternary ammonium compounds,106 proteins known to effect antimicrobial activity,107 
and other polymers demonstrating antifouling activity.108  
5.3 Further Development with SU-8 
5.3.1 Better surface adhesion for SU-8 substrates 
The composition of SU-8 has been somewhat optimized over time, to allow for 
better adhesion to some materials.  In the course of this work, however, it became clear 
that when subject to some reaction conditions, namely prolonged exposure to moisture, 
SU-8 tended to detach from glass and (at times) ITO surfaces.  While this was limited 
through short exposure times to moisture and proper pre-treatment of ITO glass, 
detachment still sometimes occurred.  Improvements to the SU-8 monomer solution to 
allow better glass adhesion or other pre-treatment methods that allow for a stronger 
adhesion to glass or ITO glass would be a welcome improvement to facilitate 
implementation and use of SU-8 materials. 
5.3.2 SU-8 developments to reduce fragility 
SU-8, as a polymer has a number of desirable characteristics, namely, its facile 
polymerization and high aspect ratio; however, the polymer itself is extremely fragile and 
inflexible, particularly after handling and modification.  It has a tendency to crack, fracture, 
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and break off in chunks when pressure is applied.  Efforts to improve the resilience of the 
polymer, by methods such as co-polymerization or the addition of plasticizers could limit 
the cracking and fracturing of SU-8 and improve its ease of use for other applications, 
although care would need to be taken to minimize changes to other desired properties of 
the polymer. 
5.3.3 Rad-Hard Electronics 
SU-8, as a polymer, is considered rad-hard, meaning, when exposed to significant 
amounts of radiation it maintains its structure and properties.109 Additional surface 
modification through techniques detailed here could be used to provide new classes of 
materials for space or nuclear electronics applications, although work would be needed to 
understand the stability of modifications made to SU-8 and triazole formation under 
extended exposure to ionizing radiation. 
5.3.4 Implantable electronics 
Based on the apparent biocompatibility of each of the SU-8 samples evaluated, it 
is likely that other SU-8 derivatives would also be non-toxic to cells.  This would allow for 
the use of derivatized SU-8 for implantable electronics, which may alleviate some of the 
challenges with silicon rubber coated electronics such as an unpredictable life-time and 
water permeation, where an inflexible circuit would not be prohibitively challenging.110   
5.3.5 Sensors 
SU-8 has a number of desirable properties for sensors, including a high aspect ratio 
and easy patterning.  By modifying specific areas, it is possible to create areas of chemical 
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functionality adjacent to an electrode in order to sense a desired change and provide local 
feedback through an electronic means. 
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